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Organic pollution of marine and freshwater environments has long been a 
problem due to spills, shipping or boating activity, runoff, and waste discharge. Microbial 
Fuel Cells (MFC) harness electrons released during the oxidation of organic carbon to 
produce an electric current. Hydrocarbons are normally broken down into carbon dioxide 
and water by microbial respiration, where electrons from hydrocarbons are transferred to 
an electron acceptor such as oxygen. In sediment, however, oxygen is consumed within 
the top few centimeters, and other electron acceptors such as sulfate yield less energy, 
which slows the degradation process. A MFC anode placed in the anaerobic sediment 
transports the electrons to oxygen in the overlying water, allowing hydrocarbon 
degradation to proceed.  Aquaculture releases high levels of nitrogen to the environment.  
Excess nitrogen concentrations lead to algal blooms, depleted oxygen levels and massive 
fish kills.  Replacing oxygen with nitrate as the terminal electron acceptor in the cathode 
reaction of a MFC could remove nitrogen from aquaculture effluent streams.  Over the 
 
past twelve months, research was conducted to determine the feasibility of utilizing 
MFCs to accelerate the degradation diesel fuel in marine sediment as well as nitrate 
removal from aquaculture effluent. Batch reactor MFCs were designed to assess the 
hydrocarbon degradation rates of artificially contaminated sediment under various 
conditions.  These reactors were also used to determine if nitrate could be removed at the 
cathode using a MFC powered by fish biosolids.  After 117 days of operation, the diesel 
fuel concentrations in the MFCs were equal to controls signifying that the MFC did not 
accelerate degradation of the hydrocarbons. The MFCs did produce a measurable power 
output. After approximately 100 days contaminated sediment reactors produced the same 
power output as uncontaminated reactors. The results signify that contaminated 
sediments can be used for power production but fuel cells do not contribute to accelerated 
bioremediation in short time frames.  Power was produced using fish biosolids combined 
with oxygen in a MFC reactor. The MFC could not utilize nitrate as a replacement for 
oxygen in the cathode reactions. 
 
 
  
Coastal Sediment and Fish Biosolids Remediation Using a 
Microbial Fuel Cell 
 
By 
LT Eric George Para, USCG 
B.S. Norwich University, 1999 
 
A THESIS 
Submitted in Partial Fulfillment of the 
Requirements for the Degree of 
Master of Science 
(in Civil Engineering) 
 
The Graduate School 
The University of Maine 
May, 2006 
Advisory Committee: 
Jean MacRae, Associate Professor of Civil and Environmental Engineering, Advisor 
Aria Amirbahman, Associate Professor of Civil and Environmental Engineering 
Nick P Brown, Center for Cooperative Aquaculture Research 
 
ACKNOWLEDGEMENTS 
 
University of Maine Center for Cooperative Aquaculture Research: 
University of Maine Department of Industrial Cooperation:  
Sawyer Environmental Chemistry Research Laboratory 
Department of Food Science and Human Nutrition 
Maine Sea Grant 
Therese Anderson 
 
 
 
 
 
ii 
TABLE OF CONTENTS 
ACKNOWLEDGEMENTS................................................................................................ ii 
TABLE OF CONTENTS................................................................................................... iii 
LIST OF TABLES........................................................................................................... viii 
LIST OF FIGURES ............................................................................................................ x 
1. INTRODUCTION .......................................................................................................... 1 
1.1. Microbial Fuel Cells ................................................................................................ 2 
1.1.1. MFC Configurations ......................................................................................... 3 
1.1.2. Electron / Proton Transfer................................................................................. 4 
1.1.3. Electrode Sizing Ratios..................................................................................... 9 
1.1.4. Cathode TEAs................................................................................................. 10 
1.1.4.1. Oxygen..................................................................................................... 10 
1.1.4.2. Nitrate ...................................................................................................... 11 
1.1.4.3. Cathodic Ferricyanide Reactions ............................................................. 12 
1.2. Microbial Fuel Cells for Marine Remediation....................................................... 13 
1.2.1. Marine Sediment............................................................................................. 13 
1.2.2. Hydrocarbon Overview................................................................................... 14 
1.2.3. Diesel Fuel ...................................................................................................... 16 
1.2.4. Environmental Impact of Diesel Fuel ............................................................. 16 
1.2.5. Anaerobic Diesel Fuel Degradation in Marine Sediment ............................... 19 
1.2.6. Treatment Options .......................................................................................... 23 
iii 
1.2.7. Marine Sediment MFC ................................................................................... 26 
1.2.8. Bacterial Species Associated with Sediment MFC......................................... 26 
1.3. Microbial Fuel Cells for Aquaculture Remediation............................................... 28 
1.3.1. Aquaculture background................................................................................. 28 
1.3.2. Problems associate with aquaculture .............................................................. 29 
1.3.3. MFCs for Aquaculture .................................................................................... 30 
2. MATERIALS AND METHODS.................................................................................. 32 
2.1. Reactor Configuration............................................................................................ 32 
2.1.1. Sediment Reactor System (Type 1) ................................................................ 32 
2.1.2. Two Aquarium Reactor System (Type 2)....................................................... 33 
2.1.3. Electrode Construction.................................................................................... 34 
2.2. Marine Sediment Analysis..................................................................................... 35 
2.2.1. General............................................................................................................ 35 
2.2.2. Marine Sediment Reactor Conditions............................................................. 36 
2.2.3. Sediment Preparation ...................................................................................... 37 
2.2.3.1. Uncontaminated Biotic Samples.............................................................. 37 
2.2.3.2. Contaminated / Uncontaminated Abiotic Samples .................................. 38 
2.2.3.3. Contaminated Biotic Samples.................................................................. 38 
2.2.4. Gas Chromatography ...................................................................................... 39 
2.2.4.1. Gas Chromatograph Set Points ................................................................ 39 
2.2.4.2. Standard Preparation................................................................................ 39 
2.2.4.3. Standard Calculations .............................................................................. 40 
iv 
2.2.5. Sediment Analysis Methods ........................................................................... 43 
2.2.5.1. Sediment Extraction Method ................................................................... 43 
2.2.5.2. Diesel Fuel Analysis ................................................................................ 44 
2.2.5.3. Loss on Ignition Analysis – Marine Sediment......................................... 44 
2.2.5.4. Cathode to Anode Surface Area Ratio Analysis...................................... 45 
2.3. Fish Biosolids Analysis ......................................................................................... 45 
2.3.1. Dissolved Oxygen Consumption .................................................................... 46 
2.3.2. Nitrate as a TEA.............................................................................................. 46 
2.3.3. Loss on Ignition Analysis and pH – Fish Biosolids........................................ 48 
2.3.4. Cathode to Anode Surface Area Ratio Analysis............................................. 48 
3. RESULTS ..................................................................................................................... 49 
3.1. Marine Sediment Diesel Fuel Degradation............................................................ 49 
3.1.1. MFC Data........................................................................................................ 49 
3.1.2. Degradation of Diesel Fuel Components........................................................ 52 
3.1.3. LOI in Marine Sediment ................................................................................. 58 
3.1.4. Effects of Changing Cathode to Anode Surface Area Ratio on Output ......... 58 
3.2. Fish Biosolids Results............................................................................................ 60 
3.2.1. DO Effect on Power Output............................................................................ 60 
3.2.2. Nitrate Data..................................................................................................... 62 
3.2.3. LOI and pH Data – Fish Biosolids.................................................................. 65 
3.2.4. Cathode to Anode Surface Area Ratio Analysis............................................. 66 
4. DISCUSSION............................................................................................................... 68 
v 
4.1. MFC Operation in Marine Sediment ..................................................................... 68 
4.1.1. MFC Operation ............................................................................................... 68 
4.1.2. Alkane Remediation........................................................................................ 71 
4.1.3. Pristane/Phytane Ratio .................................................................................... 73 
4.1.4. Marine Sediment LOI ..................................................................................... 73 
4.1.5. Cathode Surface Area ..................................................................................... 74 
4.2. Fish Biosolids MFC Operation .............................................................................. 77 
4.2.1. Nitrate as a Cathode TEA Discussion............................................................. 77 
4.2.2. DO Consumption ............................................................................................ 78 
4.2.3. Fish Biosolids LOI.......................................................................................... 79 
5. PROPOSED FUTURE WORK .................................................................................... 80 
5.1. Proposed Future Work with the Marne Sediment MFC ........................................ 80 
5.1.1. MFC for Power Production............................................................................. 80 
5.1.2. MFC for Diesel Fuel Remediation.................................................................. 81 
5.2. Proposed Future Work with the Fish Biosolids MFC............................................ 81 
5.2.1. Organic Carbon Removal ............................................................................... 81 
5.2.2. Nitrate removal ............................................................................................... 82 
6. CONCLUSIONS........................................................................................................... 83 
REFERENCES ................................................................................................................. 84 
APPENDICES .................................................................................................................. 88 
Appendix A: DRO Degradation.................................................................................... 89 
vi 
BIOGRAPHY OF THE AUTHOR................................................................................. 111 
 
vii 
LIST OF TABLES 
Table 1-1: Oil spill data for U.S. internal waters, headlands, and  
                  coastal regions (USCG). ................................................................................. 17 
Table 1-2: Time required for initial activity in hydrocarbon degradation  
                  utilizing various electron acceptors. ............................................................... 23 
Table 1-3: Sludge Characteristics of raceway trout farms................................................ 30 
Table 2-1: Diesel fuel analysis reactor conditions............................................................ 37 
Table 2-2: Gas chromatograph operating parameters....................................................... 39 
Table 2-3: Alkane concentrations for 0.01g/ml standard.................................................. 41 
Table 2-4: Diesel fuel standard peak areas. Five samples for  
                  each dilution were used to calculate each average and  
                  standard deviation. .......................................................................................... 42 
Table 3-1: Average initial concetrations and standard deviations for  
                  contaminated MFCs. ....................................................................................... 59 
Table 3-2: Average pristane and phytane ratios for open circuit  
                  contaminated MFC reactors.. .......................................................................... 57 
Table 3-3: Average pristane and phytane ratios for open circuit,  
                  abiotic, contaminated MFC reactors. .............................................................. 57 
Table 3-4: Average pristane and phytane ratios for open circuit,  
                  abiotic, contaminated MFC reactors. .............................................................. 60
Table 3-5: Sediment output versus cathode area data....................................................... 59 
Table 3-6: Fish biosolids output versus cathode area data. .............................................. 67 
Table A-1: Response areas for the five samples of each dilution  
                  for the diesel fuel standard.............................................................................. 89 
Table A-2: Corrected alkane concentration for the five 0.01g/ml  
                  dilution of the diesel fuel standard.................................................................. 90 
Table A-3: C-17/Pristane and C-18/Phytane sample heights. .......................................... 91 
Table A-4a: Sample weights for MFC sediment samples drawn on 10 Oct 2005............ 92 
Table A-4b: Sample weights for MFC sediment samples drawn on 17 Oct 2005. .......... 93 
Table A-4c: Sample weights for MFC sediment samples drawn on 24 Oct 2005............ 93 
Table A-4e: Sample weights for samples MFC sediment drawn on 28 Nov 2005........... 94 
Table A-4g: Sample weights for samples MFC sediment drawn on 23 Jan 2006............ 95 
Table A-5a: Alkane concentrations extracted from sediment  
                    samples taken from closed circuit MFC Reactor 1. ...................................... 96 
Table A-5b: Alkane concentrations extracted from sediment  
                    samples taken from closed circuit MFC Reactor 2. ...................................... 97 
Table A-5c: Alkane concentrations extracted from sediment  
                    samples taken from open circuit MFC Reactor 6.  ...................................... 98 
Table A-5d: Alkane concentrations extracted from sediment  
                    samples taken from open circuit MFC Reactor 7 ......................................... 99 
Table A-5e: Alkane concentrations extracted from sediment  
                    samples taken from abiotic open circuit MFC Reactor 8. .......................... 100 
Table A-5f: Alkane concentrations extracted from sediment  
                    samples taken from abiotic open circuit MFC Reactor 9. .......................... 101 
Table A-6: LOI sample data for marine sediment. ......................................................... 108 
viii 
Table B-1: DO levels measured during DO experiments. .............................................. 109 
Table B-2: LOI sample data for fish biosolids................................................................ 110 
 
ix 
LIST OF FIGURES 
Figure 1-1: Power density of 2 two-chambered fuel cells. ................................................. 6 
Figure 1-2: Power density and columbic efficiency based  
                   on various cathode catalysts............................................................................. 8 
Figure 1-3: MFC power output based on adjusting electrode size ratios. ........................ 10 
Figure 1-4: Power output based on decreasing oxygen concentration  
                   in the cathode reactor. .................................................................................... 11 
Figure 1-5: Progression of electron acceptors corresponding to  
                   increasing depth in a marine sediment MFC. ................................................ 13 
Figure 1-6: Basic alkane structures................................................................................... 15 
Figure 1-7: Basic aromatic hydrocarbon structures. ......................................................... 16 
Figure 1-8: Oil spills by type in all U.S. waters from 1992-2001 (USCG). ..................... 17 
Figure 1-9: Changes in the molar ratio of alkanes (A), monocycloalkanes 
                   (B), and dicycloalkanes (C ) before and after biodegradation.. ..................... 21 
Figure 2-1: Sediment reactor system (Type 1). ................................................................ 33 
Figure 2-2: Two aquarium reactor system (Type 2). ........................................................ 34 
Figure 2-3: Bar Harbor sediment collection points........................................................... 36 
Figure 2-4:  Edit Compounds Feature in Chemstation. .................................................... 42 
Figure 3-6: Alkane concentration over time for sediment samples in  
                   MFC based upon MFC testing parameters. ................................................... 55 
Figure 3-12: Fish biosolids NO  reduction3- ...................................................................... 63 
Figure 3-13: Fish biosolids NO  reduction; Test 2 data3- ................................................... 64 
Figure 3-14: Fish biosolids NO  reduction; Test 2 long term data3- .................................. 64 
Figure 3-15: Fish biosolids NO  reduction; Test 3 data3- ................................................... 65 
Figure 3-16: Fish biosolids  power output versus cathode area plot................................. 67 
Figure 4-1: Power gained from each incremental 50 cm  increase in 2
                   cathode surface area.  .................................................................................... 75 
Figure 4-2: Comparison of power output models for changing anode  
                   surface area versus a stable anode area.......................................................... 76 
Figure A-1a: Individual alkane concentrations for closed circuit  
                     contaminated MFC Reactor 1, 2 cm from anode face. .............................. 102 
Figure A-1b: Individual alkane concentrations for closed circuit  
                     contaminated MFC Reactor 1, 5 cm from anode face. .............................. 102 
Figure A-1c: Individual alkane concentrations for closed circuit  
                     contaminated MFC Reactor 2, 2 cm from anode face.. ............................. 103 
Figure A-1d: Individual alkane concentrations for closed circuit  
                     contaminated MFC Reactor 2, 5 cm from anode face. .............................. 103 
Figure A-1e: Individual alkane concentrations for open  
                     circuit contaminated MFC Reactor 6, 2 cm from anode face. ................... 104 
Figure A-1f: Individual alkane concentrations for open circuit  
                     contaminated MFC Reactor 6, 5 cm from anode face. .............................. 104 
Figure A-1g: Individual alkane concentrations for open circuit  
                     contaminated MFC Reactor 7, 2 cm from anode face. .............................. 105 
Figure A-1h: Individual alkane concentrations for open circuit  
                     contaminated MFC Reactor 7, 5 cm from anode face. .............................. 105 
x 
Figure A-1i: Individual alkane concentrations for abiotic open circuit  
                    contaminated MFC Reactor 8, 2 cm from anode face. ............................... 106 
Figure A-1j: Individual alkane concentrations for abiotic open circuit  
                    contaminated MFC Reactor 8, 5 cm from anode face. ............................... 106 
Figure A-1k: Individual alkane concentrations for abiotic open circuit  
                     contaminated MFC Reactor 9, 2 cm from anode face ............................... 107 
Figure A-1l: Individual alkane concentrations for abiotic open circuit  
                    contaminated MFC Reactor 9, 5 cm from anode face. ............................... 107 
 
xi 
1. INTRODUCTION 
Organic pollution of marine and freshwater sediments has long been a problem 
due to spills, shipping or boating activity, runoff, waste discharge and intensive 
aquaculture. Many organic contaminants, such as oil and particulate matter accumulate in 
sediment, where they can affect habitat and cause toxic effects. Once in the sediment, 
they tend to be more resistant to microbial degradation.  High nutrient loads in the 
effluent of aquaculture operations can promote algal blooms which cause depleted 
oxygen levels that can suffocate the biota. 
Electricity and the metabolic process were first studied in the eighteenth century 
by Luigi Galvani. In 1910, M.C. Potter demonstrated the production of electrical energy 
by using platinum electrodes and bacteria (Ieropoulos et al. 2005).  After these 
discoveries, there was little new information in the field of microbial fuel cells (MFCs) 
until late in the twentieth century when it was discovered that some bacteria are capable 
of releasing electrons directly to electrodes.  Recent research has demonstrated the 
potential to use MFCs to remove organic carbon from substrates while at the same time 
producing small but useable amounts of electricity. Using the basic principles of MFC 
design, it is possible to harness this technology to remove organic contaminants from 
environmental systems. 
The research described here has two primary goals.  The first goal was to 
determine if the use of an MFC can increase the degradation rates of hydrocarbons in 
marine sediment while at the same time producing a measurable power output.  The 
second goal was to produce a consistent power output from fish hatchery’s biosolids 
using oxygen or nitrate as an electron acceptor in the cathode reactor.  This research was 
1 
to determine a proof of concept.  Testing methods and reactor design will be critiqued to 
determine if future research is warranted.  
1.1. Microbial Fuel Cells 
A Microbial Fuel Cell (MFC) is a device that harnesses electrons during the 
oxidation of organic carbon to produce an electric current. A typical MFC consists of two 
electrodes; an anode and a cathode. These two electrodes are connected by an external 
load for electron transport (usually a resistor) and a proton exchange material.  Bacteria 
oxidize organic carbon on or near the anode.  The anode acts as a surrogate electron 
acceptor for the electron released during the organic carbon oxidation.  The electrons 
move over the external load and produce a power output, after which they continue to the 
cathode where they are transferred to another electron acceptor. 
Fuel cells can be classified into two types: biofuel cells or microbial fuel cells; 
depending on how electrons are transferred to the anode. The electron transfer can occur 
in three basic ways: exogenous mediators added to the system (potassium ferrincyanide, 
thionine, neutral red, etc.), mediators produced by the bacteria, or direct transfer from 
respiratory enzymes to the anode (Min and Logan 2004).  Biofuel cells, also known as 
mediator cells, use artificial electron mediators added to the system to enhance electron 
transfer.  These mediators are generally toxic compounds, which must be maintained in 
the system, making biofuel cells impractical for economical energy production or waste 
remediation (Oh et al. 2004).  MFCs do not require the addition of external mediators to 
the system.  Bacteria associated with the anodes either produce their own external 
mediators or transfer electrons directly to the anode surface (Liu et al 2004).  Recent 
research has shown potential for low cost energy production and waste remediation using 
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MFCs (Moon et al., 2006; He et al., 2005; Logan, 2005;Min et al., 2005; Liu et al., 2004; 
and Min and Logan, 2004). 
The performance of MFCs is influenced by several factors. Microbial activity, 
substrate used for oxidation, proton exchange material, internal resistance of MFC 
components and terminal electron acceptor (TEA)/cathode electron transfer efficiency all 
affect how the MFC will perform. All of these parameters must be investigated in order 
to optimize the MFC into an economical power production device. 
1.1.1. MFC Configurations 
There are two basic MFC designs used in analyzing the different aspects and 
potential of MFCs: single chambered and two chambered MFCs.  Two-chamber fuel cells 
consist of two separated chambers connected by a conductive material such as a Proton 
Exchange Membrane (PEM) or a salt bridge.  These materials are designed to allow 
protons to move freely through the reactors, but limit the flow of substrates and TEAs.  
Nafion is the most extensively studied PEM studied in fuel cells.  The primary limitations 
of Nafion as the PEM are the high oxygen permeability and high cost ($780/m2) (Min et 
al 2005a).  Each chamber in the MFC has at least one electrode.  An anaerobic reactor 
contains the anode(s) while other chamber contains the cathode(s) (Logan 2005). The 
cathode chamber holds the TEA, usually oxygen, for the system.  The electrodes may be 
made of any non-corrosive, conductive material such as graphite rods, carbon cloth, 
carbon paper, and woven graphite (Oh et al. 2004).  Higher power output can be achieved 
by including a catalyst such as platinum at the electrodes.  The bacteria oxidize organic 
carbon in the anode chamber, and the electrons react with the TEA in the cathode 
chamber.  The reactors should be designed so that the ionic strength in the two chambers 
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is equal.  Typically, platinum or copper wires are used to connect the electrodes. Even 
with proper coating, the copper wire itself will eventually oxidize in the system. This 
makes copper a poor choice for long term MFC operation.   
A single-chambered fuel cell has one chamber in which the reactions take place.  
The chamber is an anaerobic environment in which the bacteria oxidize organic carbon.  
The cathode for the chamber has one face in the anaerobic solution and the other face 
exposed to air.  As with the two-chambered fuel cells, the electrodes can be made of any 
conductive material and catalysts can be incorporated into the electrodes to enhance 
power output.  The bacteria transfer electrons to the anode which moves through a load to 
the cathode. The electron then reacts with oxygen in the air.  Single-chambered fuel cells 
do no need aeration and are capable of producing power output with passive contact with 
air.  The solution face of the cathode is usually covered with a PEM to enhance proton 
transfer and limit substrate intrusion into the cathode (Logan 2005). 
1.1.2. Electron / Proton Transfer 
Recent research has shown that the PEM can be eliminated from the cathode 
surface in a single chambered fuel cell.  Liu and Logan (2004) conducted tests to 
compare the power outputs of a single chamber MFC when the PEM was removed.  They 
achieved a power density of 262 mW/m2 with a PEM attached to the cathode.  They 
produced 494 mW/m2 when the PEM was removed from the system (Liu and Logan 
2004).  The higher power output was attributed to a lower internal resistance in the 
system lacking the PEM.  The disadvantage to removing the PEM from the cathode is 
greater oxygen intrusion into the anaerobic environment of the reactor.  It is estimated 
that 0.05 mg/hr of oxygen diffuse through cathode with the PEM installed. Without a 
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PEM oxygen diffuses through the cathode at 0.187 mg/hr (Liu and Logan 2004).  If the 
MFC contains a diverse bacterial population, such as in wastewater, aerobes will thrive 
close to the cathode scavenging any oxygen entering the reactor. This will decrease the 
coulombic efficiency of the system because the aerobes will consume the organic carbon 
found in the reactor without providing any additional power output.  28% of the glucose 
loss in the tests by Liu and Logan could be attributed to oxygen diffusion into the system.  
Sulfate added to the system could contribute to another 4% loss.  Min and Logan (2004) 
constructed a flat plate flow through MFC system in which the cathode and the anode 
were in direct contact with the PEM.  Using a mixed culture, they were able to produce a 
steady output of 72 mW/m2 even with oxygen intrusion.  This was due to the aerobes 
growing on the PEM that were able to consume the oxygen (Min and Logan 2004).  This 
oxygen intrusion results in a lower columbic efficiency, but if the primary goal of the 
system is organic carbon removal, the overall objective is achieved.  In wastewater 
systems, the substrate is free, so no additional cost is required to feed the reactor with 
organic carbon (Liu et al 2005a). 
Different power densities are generated by systems using different proton exchange 
methods. This is due to the difference in internal resistance found in the configurations.  
Min et al. (2005a) determined the internal resistance of two different two-chambered 
MFCs using impedance spectroscopy. One system had a PEM for proton transfer; the 
other had a salt bridge. The internal resistance due to the salt bridge was 19920 ± 50 Ω 
and the internal resistance due to the membrane was 1286 ± 1 Ω.  This higher internal 
resistance can greatly affect power output due to the inverse relationship between 
resistance and power: 
5 
( )
Resistance
2VoltagePower =  
Two systems that are identical, with the exception of the proton exchange method, could 
have significantly different power outputs.   
In the experiments performed by Min et al (2005a), power density was monitored 
for a wastewater inoculum in the previously mentioned two chambered fuel cells.  The 
system using a PEM, and thus a lower internal resistance, generated much greater power 
output than the system using a salt bridge (Figure 1-1).  These tests show that proton 
exchange efficiency can dictate the MFC operation and efficiency (Min et al 2005a). 
 
Figure 1-1: Power density of 2 two-chambered fuel cells. System on the left used a PEM 
for proton exchange, system on the right used a salt bridge. Min et al 2005a 
 
By applying a hydrophobic Diffusive Layer (DL) to the air side of a cathode, it is 
possible to limit water evaporation through the cathode, while at the same time increasing 
coulombic efficiency (CE).  Polytetrafluoroethylene (PTFE) is highly hydrophobic and 
limits water transfer through the cathode surface. PTFE’s highly hydrophobic qualities 
can limit the proton transfer rate by causing dryness at the cathode.  Cheng et al (2006) 
found that a carbon electrode containing four additional layers of PTFE increased power 
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generation by 42% (766 mW/m2) over a carbon electrode with one PTFE base layer.  
This was achieved by restricting oxygen flux into the anode reactor.  Adding additional 
layers decreased efficiency.  The CE was 171% greater than the cathodes used in the 
experiment that lacked a DL and 200% higher than a commercially available cathode 
with a preloaded catalyst and eliminated the need for a PEM on the cathode. 
Platinum is a catalyst that is often used as a cathode coating to improve power 
density.  Cobalt tetramethylphenylporphyrin (CoTMPP) is a possible inexpensive 
alternative to platinum in the cathode.  The catalyst is typically bound to the cathode 
using a polymer.  Perfluorosulfonic acid (Nafion) and PTFE are two commonly used 
binders in chemical fuel cells.  Nafion is a conductive polymer that has hydrophilic 
clusters, a hydrophobic base and a transition region that allows for proton transfer.  
Nafion can cost as much as 500 times PTFE. 
Cheng et al (2006) studied the effects of platinum and CoTMPP as catalysts on a 
single chamber MFC (Figure 1-2).  The cathode coated with 0.5 mg/cm2 Pt and a Nafion 
binder produced an average maximum power density of 480 mW/m2 for the first three 
cycles, but the density decreased to a maximum average of 400 mW/m2 for the remaining 
cycles.  The coulombic efficiency for this cathode increased over the same time period 
from 8.9 to 18.6%.  The cathode coated with 0.5 mg/cm2 Pt and a PTFE binder produced 
a maximum power density of 360 mW/m2, but the density decreased to an average of 331 
mW/m2, resulting in an average power density of 17.4% less than the cathode using the 
Nafion binder.  The average coulombic efficiency for the PTFE cathode was 9.5%.  
When the platinum concentration was reduced to 0.1 mg/cm2 with a Nafion binder, the 
average power density dropped 19% to 340mW/m2. The coulombic efficiency was almost 
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halved to an average of 4.5 – 7.5%. The CoTMPP coated cathode bound by Nafion had a 
power density that was only 12% less than the cathode with 0.5 mg/cm2 Pt and a Nafion 
binder.  The coulombic efficiency was similar averaging from 7.9 – 16.3%.  The power 
density was 8.5% greater than the 0.1 mg/cm2 Pt cathode and 5.4% greater than the PTFE 
bound cathode.  The cathode without a catalyst had the lowest average maximum power 
density at 93 mW/m2, which was 73% less than the 0.1 mg/cm2 Pt cathode. The 
coulombic efficiency of the catalyst free cathode averaged from 10-20% (Cheng et al 
2006). 
 
Figure 1-2:  Power density and columbic efficiency based on various cathode catalysts. 
Cheng et al 2006 
 
Park and Zeikus (2002) increased power output of systems by incorporating 
mediators and catalysts in to the electrodes of a two chamber fuel cell.  They 
experimented with various electrode configurations incorporating neutral red (NR), 
Fe(III) and Mn(IV) into the electrode.  The MFC produced varying power densities 
depending on the configurations.  The highest power densities were generated using a 
Mn(IV) as a catalyst in the anode and Fe(III) as a catalyst in the cathode. The next 
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highest power density came from a MFC that used NR as the anode catalyst and Fe(III) 
as the cathode catalyst. 
Lowy et al. (2006) performed similar experiments using a sediment MFC.  In 
their tests, the kinetic activity of various chemically modified anodes was determined.  A 
graphite-ceramic anode containing Mn2+ and Ni2+ produced the highest kinetic activity at 
2.2 times a plain graphite anode.  A graphite paste containing Fe3O4 produced a kinetic 
activity 2.1 times that of the graphite anode.   
1.1.3. Electrode Sizing Ratios 
Most studies normalize power output in power per anode area because the 
bacterial activity takes place on the anode.  In tests by Oh et al. (2005) MFC voltage was 
monitored while the surface area of the anode was changed.  When the anode area of a 
MFC with a stable power output of 0.32 V was doubled, the power output did not double.  
The power density decreased by 45.3 mW/m2 to 20.6 mW/m2, a decrease of 55%.  This 
indicates that the power output is controlled by more than the surface area available to the 
bacteria.  Oh et al. explored the relationship between the PEM surface areas and cathode 
surface areas on power output.  Experiments were conducted in which the surface areas 
of the anode, cathode, and PEM were changed to determine power. The results of the test 
are presented in Figure 1-3.  The power output due to the changing anode surface area 
appears to plateau after a certain size.  This indicates that while initially the anode is the 
limiting factor in the system it ceases to limit after a 2:1 cathode to anode ratio.  The 
power output with increasing cathode area increases without reaching a plateau, 
signifying that the cathode area can be one of the limiting factors in the power output of 
the system.  The use of the smaller PEM was the limiting factor in both tests.  While 
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using the smaller PEM Oh et al. did not achieve a power output greater than 0.1 mW.  
While using power density based on the anode surface area is useful when comparing 
MFCs, system power density is much more complex and will rely on more than the anode 
surface area. 
 
Figure 1-3: MFC power output based on adjusting electrode size ratios. Figure A adjusts 
the anode size while maintaining a constant cathode (22.5 cm2).  Figure b adjusts the 
cathode size while maintaining a constant anode (22.5 cm2).  Each system was tested with 
different sized PEMs to determine the proton exchange effect on the system (Oh et al 
2005). 
 
These tests correspond with results obtained by Logan et al. (2005) who found that the 
anode surface area was not the sole factor in determining power output. When the anode 
surface area was doubled, the power output did not double due to limiting factors in the 
system such as cathode surface area and proton exchange efficiency.  
1.1.4. Cathode TEAs 
1.1.4.1. Oxygen 
Oxygen is the most common TEA used at the cathode in a MFC.  In two 
chambered systems, oxygen is easily recharged by moving air through the system.  In a 
single chamber system, the oxygen in the air readily reacts with the cathode.  Oh et al. 
(2004) examined the effects of dissolved oxygen (DO) concentrations in the cathode 
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compartment on power production in two chambered fuel cells.  For the tests, the cathode 
chamber was sealed and DO readings were taken over a 16 hour period.  In these tests, 
the DO concentration decreased steadily from 7.9 mg/L and was nearly consumed within 
ten hours (Figure 1-4). 
 
 
Figure 1-4: Power output based on decreasing oxygen concentration in the cathode 
reactor (Oh et al, 2004). 
 
There is a direct relationship between the oxygen concentration and the power output of a 
system.  Decrease in power output appears to be exponential as the oxygen levels in the 
system decrease.  In order to obtain maximum power output of the system, the DO levels 
in the reactor must remain near saturation. 
1.1.4.2. Nitrate 
Gregory et al. (2004) investigated the use of nitrate as the TEA for the cathodic 
reaction in a MFC.  Using a live sediment inoculum, power was supplied to an electrode 
in a cathode reactor. With the exception of trace TEAs found in the sediment inoculum, 
nitrate was the only TEA in the media. The only electron donor in the media was the 
cathode.  Current uptake began as soon as the circuit was complete. As the nitrate levels 
decreased and the nitrite levels increased, the rate of current and nitrate uptake slowed. 
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When the medium was replaced the current and nitrate consumption resumed.  Initially, 
the nitrite production accounted only for 50% of the nitrate reduction, possibly due to 
other TEAs in the sediment inoculum.  Over time, the stoichiometry matched the 
expected nitrate to nitrite reduction. Ammonia was not detected in the tests.  Nitrite was 
not detected in abiotic controls. This demonstrates that electron acceptors, other than 
oxygen, may be used successfully as the TEA in a MFC (Gregory et al. 2004).  Further 
research into this finding may prove useful in using MFCs to remove both unwanted 
TEAs and organic carbon from environmental and industrial systems. 
1.1.4.3. Cathodic Ferricyanide Reactions 
Most of the reactions that take place at the cathode are abiotic.  Most of these 
reactions involve the reduction of oxygen to water, but this reaction is limited by the 
solubility.  Ferricyanide (Fe(CN)63-) is an electron acceptor that may be used at the 
cathode. Ferricyanide is not limited by solubility, but is toxic to microorganisms (Rhoads 
et al. 2005). During the reduction reaction ferricyanide is reduced to ferrocyanide 
(Fe(CN)64-).  This process requires the periodic replacement of ferricyanide.  Oh et al. 
(2004) produced a power density that was 39% greater using ferricyanide as the cathodic 
reaction as opposed to oxygen on platinum coated electrodes.  Despite its higher energy 
yield, the acute toxicity of ferricyanide as well as the ease at which oxygen is replaced at 
the cathode, makes energy production from organic carbon more stable with oxygen-
based cathodic reactions. 
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1.2. Microbial Fuel Cells for Marine Remediation 
1.2.1. Marine Sediment 
Sediments are formed at the bottom of water bodies by the deposition of particles 
from the overlying water.  These particles originate from soil and other suspended matter 
that are carried in with flowing water, direct discharges, indigenous particles, or organic 
deposits from within the water itself. 
The oxidation of organic matter in sediments follows a thermodynamically 
predictable sequence where oxygen releases the most energy and carbon dioxide releases 
the least.  Figure 1-5 illustrates a progression of some of the electron acceptors found in 
marine sediment found in conjunction with a sediment type MFC. 
 
Figure 1-5:  Progression of electron acceptors corresponding to increasing depth in a 
marine sediment MFC. (Lowy et al 2006). 
 
As these electron acceptors are utilized, there is a net buildup of organic matter in the 
sediments.  Without available electron acceptors, the organic matter is relatively stable.  
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Organic contaminants that are deposited with this organic matter can also remain stable 
for long periods of time. 
1.2.2. Hydrocarbon Overview  
The simplest form of organic compound is the hydrocarbon. Hydrocarbons are 
long chains of interconnecting carbon atoms that are bonded to hydrogen atoms.  These 
bonds are strong and stable, thus allowing carbon to form a large number of compounds. 
The carbon chain length and attached functional groups affect the properties and 
degradability of hydrocarbons.  Each carbon atom in the organic state can form a 
maximum of four bonds.   
Petroleum contains hundreds of individual hydrocarbons and its components are 
generally grouped into four classes according to their differential solubility in organic 
solvents: the saturates, the aromatics, the resins and the asphaltenes (Sugiura et al. 1997). 
The saturates include n- and branched-chain alkanes and cycloparaffins.  Alkanes are 
considered aliphatic compounds, meaning they are non-aromatic compounds.  The 
formula for alkanes is CnH2n+2.  Alkenes and alkynes are also aliphatic compounds, but 
are considered unsaturated due to double and triple bonds found in the carbon chain.  An 
alkene has at least one double bond in the carbon chain. The formula for an alkene is 
CnH2n (assuming one double bond). Alkynes have at least one triple bond between two 
carbon atoms.  The formula for an alkyne is CnH2n-2 (assuming one triple bond).  Alkanes 
that form a single unbranched chain greater than twenty carbon atoms are also known as 
paraffins. 
Cycloalkanes have one or more rings of carbon atoms. The general formula for a 
cycloalkane is CnH2n.  A branched alkane is an alkane that does not form a continuous 
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branch of carbon atoms, where some of the atoms have branched off of the continuous 
chain. The formula for a branched alkane is the same for a straight chained alkane.  
Figure 1-6 illustrates basic alkane structures. 
 
Figure 1-6: Basic alkane structures (en.wikipedia.org). 
 
Aromatic hydrocarbons are hydrocarbons that have at least one aromatic ring, a 
structure in which each neighboring carbon shares one electron. The attached hydrogen 
shares one electron, and the final electron cycles between the circular arrangement of 
carbon atoms.  Figure 1-7 illustrates basic aromatic hydrocarbons structures. 
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Figure 1-7: Basic aromatic hydrocarbon structures (en.wikipedia.org). 
1.2.3. Diesel Fuel 
Diesel is produced from petroleum. As a hydrocarbon mixture, it is obtained in 
the fractional distillation of crude oil between 250°C and 350°C at atmospheric pressure.  
This process separates the hydrocarbons according to their boiling point.  The average 
weight of diesel fuel is 850 g/L.  This on average is 15% greater than gasoline (720 g/L).  
When ignited, diesel fuel releases about 40.9 MJ/L, about fifteen percent greater than 
gasoline (34.8 MJ/L).  Diesel fuel is composed of about 75% saturated hydrocarbons, 
primarily paraffin including n, iso and cycloparaffins (en.wikipedia.org). The remaining 
25% is primarily aromatic hydrocarbons. The average formula for diesel fuel is C12H26, 
with carbon number ranging from C10 to C15.  
1.2.4. Environmental Impact of Diesel Fuel 
From 1991 through 2001 there have been 50,032 reported spills of petroleum oils 
in U.S. internal waters, headlands, and coastal regions totaling 9,630,721 gallons. Table 
1-1 and Figure 1-8 detail spill volumes and contaminant types from 1991 through 2001. 
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Table 1-1: Oil spill data for U.S. internal waters, headlands, and coastal regions (USCG). 
% of spill incident and % of spill volume based on total volume of spills in U.S. waters 
from1992-2001. 
 
Year Number of Spills 
% of Spill 
Incidents 
per Year 
Spill 
Volume 
(Gallons) 
% of Spill 
Volume 
per Year 
1992 5532 58% 1069017 57% 
1993 4875 46% 1423769 73% 
1994 4969 46% 816427 38% 
1995 5476 61% 1456386 55% 
1996 4994 54% 1071980 34% 
1997 4584 53% 556330 59% 
1998 4914 59% 508193 57% 
1999 5335 62% 866457 74% 
2000 4880 59% 1211248 85% 
2001 4473 59% 650914 76% 
Total 50032 56% 9630721 61% 
 
 
HEAVY FUEL OILS
2,670,628 Gallons
CRUDE OILS
3,921,364 Gallons
NON-PETROLEUM 
OILS
890,474 Gallons
OTHER 
PETROLEUM OILS
2,678,793 Gallons
GASOLINE 
PRODUCTS
1,103,803 Gallons
INTERMEDIATE 
FUEL OILS
5,369,542 Gallons  
Figure 1-8: Oil spills by type in all U.S. waters from 1992-2001 (USCG). 
 
In open water, fuel oil rapidly spreads.  A one ton spill of oil can disperse to a 
radius of over 50 m with a 10 mm thick layer. The slick gradually thins to 1 mm to cover 
an area of 12 km2 (Ramade et al. 1978).  After the first several days of a spill the volatile 
components evaporate in the atmosphere and some other components degrade 
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photometrically. The water soluble components are pulled into the water column, leaving 
a slow moving thick slick on the surface of the water.  The distribution of an oil slick is 
controlled by oil viscosity and the surface tension of the water. The slick usually travels 
in the direction of wind, waves and currents, but wind is the predominant factor.  The 
slick will break into fragments as it reaches its critical thickness of 0.1 mm.  It is 
estimated that 10 to 30 percent of the oil is adsorbed to suspended material and deposited 
on the bottom (Stanlislav 1999). 
When these spills take place in headwaters and coastal zones fuel oils become 
entrained in coastal sediments.  The overall fate of these contaminants is controlled by 
their hydrophobic properties and high persistence, lending to their accumulation in the 
sediments (Nayar et al. 2003). Coastal action can turn this sink into a source with re-
suspension back into aquatic environments (EPA 1997).  While in the sediment, the 
constituents of fuel oil are biodegradable, but this degradation relies heavily upon 
physical, climatic, and microbial conditions resulting in half-lives ranging from eight 
months to six years.  A study in Singapore by Nayar et al. (2003) showed a tendency for 
phytoplankton and other particulate matter to sink to the bottom.  It was hypothesized 
that this could explain the lower concentrations of particulate matter in the water column 
as well as an increase of the hydrocarbons in the sediment surrounding contaminated 
regions. 
A study by Phillips et al. (1998) examined the transport of hydrocarbons from 
California oil fields to a study area approximately 50 km away with a bottom depth of 
150 to 200 km.  The oil detected in the sediments was consistent with the oil fields 
involved in the study.  The high abundance of low molecular weight alkanes and 
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aromatic hydrocarbons reflect that the oil was distilled and did not originate from a 
weathered source.  This suggested that there was long distance transport of oil with 
relatively minor changes in the composition when the hydrocarbons were adsorbed to 
particulate matter (Phillips et al. 1998). 
Gearing et al. (1980) observed that hydrocarbons in water associate in a reverse 
proportion with the degree of solubility and the size of sorbent particles and directly 
proportional to the percentage of organic matter in the particles That is to say, in a region 
with high organic matter, such as an estuary or headwater, contaminants are more likely 
to become sequestered in the system. Also, the more soluble a component is, the less 
likely it will end up entrained in sediments (Gearing et al. 1980). 
Other mechanisms that could make the oil heavy enough to sink include 
weathering and ingestion by zooplankton.  The oil ingested by zooplankton could be 
made heavier by incorporation with the zooplanktons feces.  Because zooplankton filter 
only a small amount of water per day (0.2 – 0.5 %) the mount transported to the 
sediments would be small when compared to the suspended particulate matter.  The 
studies show that sediments are a quantitatively important reservoir for hydrocarbons 
even as light as number 2 fuel oil.  The oil in the water column disappeared after two 
weeks while the sediment retained the oil over a year after the start of the experiment.  
The study concludes that the residence time for oil in sediment is in the order of years 
(Gearing et al. 1980). 
1.2.5. Anaerobic Diesel Fuel Degradation in Marine Sediment 
Mn(IV), Fe(III), and sulfate reduction are the primary terminal electron-accepting 
processes in marine sediments. Due to its limited availability, nitrate is considered a 
19 
minor electron acceptor. Microbial oxidation of hydrocarbons via anaerobic pathways 
can only be effective in marine sediments if the microbes are dissimulatory sulfate, 
Fe(III), or Mn(IV) reducers.  With the high concentration of sulfate in marine sediment 
compared to available Fe(III) and Mn(IV) compounds, sulfate-reducing conditions could 
be considered the most likely to succeed on a long term remediation project (Coates et al 
1997).  
Microbial degradation on the following petroleum constituents has been observed; 
n-alkanes, branched alkanes and several aromatic compounds. High molecular weight 
aromatics, resins and asphaltenes are generally considered recalcitrant to biodegradation 
(Sugiura  et al. 1997).  The degree of degradation depends on the structure of the 
molecules. Alkanes degrade faster than aromatics. As the structure becomes more 
complex and the molecular weight increases degradation rates decrease. Temperature, 
terminal electron acceptors and microbial factors all affect the rate of degradation. 
(Stanlislav 1999). 
In a study by Sugiura et al (1997) degradation characteristics of various crude oil 
samples from different sources were examined.  The ratio of cycloalkanes to alkanes was 
significantly higher in the biodegraded crude oil sample when compared to controls.  This 
indicates that alkanes are more susceptible to biodegradation than cycloalkanes. Also, 
monocycloalkanes were more susceptible to biodegradation than dicycloalkanes (See 
Figure 1-9).  
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 Figure 1-9: Changes in the molar ratio of alkanes (A), monocycloalkanes (B), and 
dicycloalkanes (C ) before and after biodegradation. Open box: SM8 culture; hatched box 
Acinetobacter sp. T4 culture; filled box: abiotic control (Sugiura  et al. 1997).   
 
Saturated compounds with a molecular weight greater than 500 were not degraded 
by these organisms used in the study.  This molecular size correlates to the exclusion size 
for passage of materials through the outer membrane of Gram-negative bacteria.  The 
bacteria physical characteristics and outer membrane permeability could be among the 
factors determining biodegradability of hydrocarbons (Sugiura et al. 1997). 
Research by Coates et al. (1997) and Caldwell et al. (1998) demonstrated that a 
complex fuel mixture can be degraded to CO2 under sulfate reducing conditions in a 
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marine environment.  The addition of molybdate inhibited the oxidation of [14C] 
hexadecane used in the tests, indicating that the alkane degradation was due to sulfate 
reducing bacteria (Coates et al. 1997).  Gas chromatographic profiles indicate most n-
alkanes, up to 34 carbons in chain length, could be removed from oil mixtures under 
sulfate reducing conditions when the samples were inoculated with bacteria isolated from 
marine sediment (Caldwell et al. 1998).  This suggests that marine fuel mixture can, for 
the most part, be degraded in situ under anaerobic conditions typically found in rivers lo 
in sulfate, estuaries and coastal regions. 
Coates also determined that microbial populations can develop the ability to 
metabolize these hydrocarbons over a period of time.  The addition of hydrocarbons to 
previously unexposed bacteria resulted in degradation after a significant lag time, as 
opposed to the addition of hydrocarbons to bacteria samples previously exposed, which 
had a much shorter lag phase (Coates et al. 1997).   
The discovery that anaerobic marine sediments are capable of self remediation of 
diesel fuel components has important impacts.  If additional hydrocarbon inputs into an 
ecosystem may be limited, current concentrations of contamination may be removed over 
time (Coates et al. 1997).  As marine and estuarine waters are rich in sulfate, this mobile 
anion is rarely limiting and most often available as a potential terminal electron acceptor 
(Caldwell et al. 1998). 
So and Young (2001) examined several electron donors and electron acceptors 
and analyzed the time required for each to initiate degradation of various alkanes (Table 
1-2).  The studies showed that the sediment contains microbial communities capable of 
removing alkanes from under various terminal electron processes (So and Young 2001). 
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 Table 1-2: Time required for initial activity in hydrocarbon degradation utilizing various 
electron acceptors (So and Young 2001). 
 
Substrate Sulfate 
Reducing
Denitrifying Iron  
Reducing 
Methanogenic 
Octane + - - - 
Decane ++ + ++ ++ 
Dodecane ++ + ++ + 
Hexadecane ++ + ++ + 
1-Hexadecanol ++++ ++++ +++ ++++ 
Hexadecnoic acid ++++ ++++ +++ ++++ 
- No activity in 13 weeks 
+ Initial activity in 8 - 13 Weeks 
++ Initial activity in 3 - 8 Weeks 
+++ Initial activity in 1 - 3 Weeks 
++++ Initial activity in 1 Week 
 
1.2.6. Treatment Options 
There are two basic paths for remediation of marine sediment: ex situ treatment 
and in situ treatment.  Ex situ treatment involves dredging the contaminated sediment 
from the floor bed and treating it off-site.  This method provides a way for complete 
removal of contamination from the dredged sediment due to the exacting control 
available at the off-site treatment facility, but there are several drawbacks to this method.  
First, the cost of removing the sediment and running treatment facilities at off-site 
locations is high, meaning large-scale remediation projects will be difficult to fund.  
Second, contaminants are re-suspended in the water column during the dredging process, 
spreading the contamination to other areas of the ecosystem. 
In situ treatment is looked upon as a cost effective remediation technique.  The 
primary advantages are that the sediments are left in place, limiting the chances of re-
suspension of contaminants and a lower cost.  Disadvantages of in situ remediation 
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techniques include a lack of control over the local conditions, poor environmental 
conditions for microbial degradation and variances in sediment type. Natural attenuation 
is the simplest form of in situ treatment. It relies on nothing more than allowing natural 
processes in the environment to degrade the contaminants at their own pace.  Other 
methods of in situ treatment involve the addition of biological or chemical agents in order 
to speed up the degradation rates, but this can drastically increase cost with no guarantee 
of better degradation. 
One option for in situ remediation is the addition of electron acceptors into 
anaerobic soils and sediments to accelerate degradation.  This is typically done with the 
addition of oxygen due to its energetically favorable mechanism for hydrocarbon 
oxidation.  The low solubility and high volatility limits oxygen use for in situ remediation 
in marine sediments (Coates et al. 1996).  Even the addition of air to the marine 
sediments would prove a poor choice.  While the volatility of oxygen is mitigated, a 
much greater volume of air now must be pumped.  This can prove expensive to maintain 
the treatment equipment and as a pathway to mobilize the lighter particles and spread the 
contamination to other areas of the system.  While nitrate is more energetically favorable 
than sulfate, nitrate has only a minor role as an electron acceptor in marine sediment and 
denitrifiers may not be able to compete numerically with the sulfate reducing bacteria 
(SRB).  Nitrate would also prove difficult to add to the bottom sediments.  Coates et al. 
(1996) speculated that the addition of Fe(III) to the bottom sediments may increase the 
remediation rate of the sediments over the sulfate reducing conditions due to iron’s 
energetically favorable characteristics as well as its role in the normal degradation 
process of naturally decaying organic matter.  The highly insoluble iron oxides could 
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easily be added to the ocean floor and would not adversely affect the system when 
remediation is complete.  Similar tests performed in freshwater systems in which acetate 
was the electron donor and sulfate reduction was the primary terminal electron process 
were able to divert the processes to iron reduction when iron oxides were added to the 
system (Lovely et al 1987). 
The experiments by Coates were unable to divert the primary terminal electron 
acceptor from sulfate to iron in the marine system and the addition of iron did not 
increase the rate of hexadecane oxidation.  A study by Jacobson et al (1994) found that 
the addition of Fe(III) to marine sediments did not significantly inhibit the sulfate 
reduction of the system (Jacobson et al. 1994).  Maximum probable number (MPN) tests 
suggest that iron reducing bacteria (FeRB) were unable to compete with the SRB because 
of the low number of FeRB found in the sediments.  The FeRB were found in quantities 
three orders of magnitude lower than the SRB.  When the FeRB were added to the 
sample in quantities comparable to the SRB, Fe(III) became the primary terminal electron 
acceptor (Coates et al 1996). 
A second option for remediation of sediment is to dredge the sediment and allow 
anaerobic oxidation of the contaminant under sulfate reducing conditions to remove the 
easily degradable components.  The sediments can be stimulated via inoculation to limit 
the required lag time.  This can be followed with aerobic oxidation of the sediment to 
remove the more recalcitrant elements of the mixture.  This will reduce the overall cost of 
the ex situ treatment by limiting the time that oxygen must be pumped through the 
sediment (Coates et al. 1997). 
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1.2.7. Marine Sediment MFC 
Microbial oxidation of sub-seafloor organic carbon produces electron-rich 
reductants that create a voltage gradient between the anaerobic sediments and the oxygen 
in ocean water (Delong and Chandler 2002).  Placing the anode in anaerobic sediment 
and connecting it through an external load the cathode placed in the overlying seawater, 
will produce a current.  
Microbial fuel cells provide possibilities in the in situ sediment treatment.  Most 
research in the sediment MFC is focused on the harvesting of electricity from marine 
sediments. Biodegradation of pollutants in sediment is typically limited by the lack of 
available electron acceptors.  Oxygen, the most efficient electron acceptor, is supplied by 
the overlying water but is consumed within the top few centimeters of sediment.  Other 
available electron acceptors such as Mn(IV), Fe(III), and sulfate are consumed in 
progressively deeper layers (Figure 1-5).  When these TEAs are completely consumed, 
organic pollutants are stable.  Research on bacteria that use Fe(III) as electron acceptor 
has shown that electrodes inserted into the sediment can enhance the electron accepting 
capacity of contaminated sediments when available Fe(III) is scarce (Bond et al. 2002). 
1.2.8. Bacterial Species Associated with Sediment MFC 
Geobacter metallireducens was shown to oxidize a variety of aromatic 
compounds with the reduction of Fe(III).  Geobacter metallireducens was inoculated into 
a fuel cell in which benzoate was the only electron donor and a graphite anode was the 
only electron acceptor. Within ten days, benzoate concentrations began to decrease and 
power output increased. (Bond et al 2002). 
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Pure culture studies of Desulfurmonas acetoxidans, and two members of 
Geobacteraceae: Geobacter metallireducens, and G. sulfurreducens demonstrated that 
microorganisms within this family are capable of transferring electrons to an anode 
without the aide of electron mediator compounds (Holmes et al. 2004).  In 2005 Reguera 
et al. (2005) examined pili in G. sulfurreducens that extend beyond the cell walls.  These 
are the electrical connection between the cell and the surface of the solid phase electron 
acceptors in the sediment.  An analysis of the microbial communities associated with 
MFC anodes found that the 16S rRNA gene sequences recovered from energy-harvesting 
electrodes had far fewer unique sequences when compared to non-energy-producing 
electrodes.  In all six cases of the testing, there was a significant increase in δ-
Proteobacteria. 54-76% of the 16S rRNA gene sequences from energy harvesting 
electrodes were from this group versus only 15% for the non energy harvesting electrodes 
(Holmes et al. 2003).  
The type of Geobacteraceae recovered from the different anodes varied 
depending on sediment type.  In the marine and salt marsh electrodes, 65-68% of the 
bacteria were Geobacteraceae, where 83-89% of these were most similar to 
Desulfuromonas. In freshwater, most Geobacteraceae were closely related to Geobacter 
or Pelobacter propionicus.  Anthraquinone 2,6 disulfonate (AQDS), an extracellular 
quinone,  is known to enhance electron transfer between Geobacteraceae and solid iron 
oxides.  The overall abundance of Geobacteraceae was similar in the non-AQDS 
amended and AQDS amended systems.  There was a shift within the Geobacteraceae 
group for the two experiments. In the non-AQDS system, 88.9% of the Geobacteraceae 
sequences were of the Desulfuromonas with 8.3% belonging to Desulfuromusa species, 
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while the AQDS system had 46.5% related to the Desulfuromonas and 44.6% related to 
Desulfuromusa. (Holmes et al 2003).  
Power output of a MFC can be increased by seeding the anode of a new MFC 
with biofilm from an operating MFC.  Kim et al. (2005) took scrapings from a biofilm of 
a MFC in operation and applied them to another anode.  The lag time when compared to 
controls that did not receive the biofilm, did not decrease, however the anode that 
received the biofilm application reached a peak power output of 40 mW/m2 compared to 
8 mW/m2 in the control.  Using this method, MFCs could be prepared for use in the 
laboratory before application to the field.  There would still be a lag phase, but the overall 
output of the system would be much greater.  This method could also be used for MFCs 
that are developed to remediate system contaminants.  MFCs capable of remediating 
particular organic contaminants, such as hydrocarbons, could be prepared in advance and 
immediately applied to an area when the contamination is detected.  This was a very 
effective way to increase the power output of new MFCs. If biofilm cultures for MFCs 
capable of functioning in different environments are developed, MFCs could quickly be 
deployed for remediation.   
1.3. Microbial Fuel Cells for Aquaculture Remediation 
1.3.1. Aquaculture background 
Aquaculture provides approximately 30% of the worldwide fisheries production.  
With this high volume of production aquaculture has become large enough to have 
significant impacts on the environment.  A serious concern is the pollution resulting from 
the aquaculture effluents and inefficient utilization of fish meal (Boyd 2003). 
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1.3.2. Problems associate with aquaculture 
The effluents of aquaculture facilities generally have solids, organic matter and a 
biochemical oxygen demand at higher levels than other natural surface waters in the 
vicinity.  Approximately 20 to 30% of nitrogen applied in fish feed is recovered in the 
fish at harvest. The remaining 70 to 80% of nitrogen is discharged with the system 
effluent (Boyd and Tucker 1998).  Most of the nitrogen discharged is in the form of 
ammonia.  Nitrification converts the ammonia to nitrite and then to nitrate.  Nitrate is a 
basic nutrient that is required for all plant growth and is usually the limiting nutrient in 
algal blooms in marine systems.  One gram of ammonia produces 4.57 grams of nitrate 
(www.aquatext.com 2000). 
The National Water Quality Inventory 1996 Report to Congress Executive 
Summary cites nitrogen as one of the leading nutrients that affect water quality in the 
nation’s rivers lakes and estuaries.  Forty percent of rivers, 51% of surveyed lakes and 
57% of estuaries were impaired due to nutrient enrichment.  Nutrient enrichment is also 
suspected for the large hypoxic zones in the Gulf of Mexico and along several east coast 
states (EPA 1996).  Harmful algal blooms occur when single celled marine algae 
(phytoplankton) multiply at high rates. Nitrogen and phosphorous are usually the limiting 
nutrients in the algal blooms.  If there is a large input of these nutrients into the system, 
the algae will multiply until other factor limit their growth.  When the algae die and 
decay, oxygen is deplete from the system causing large fish kills. 
Excessive nitrate can have detrimental effects on human infants less than six 
months old.  The bacteria in their stomach react with nitrate to form nitrite which then 
reacts with hemoglobin to form methemoglobin.  Methemoglobin is unable to carry 
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oxygen and creates a bluish color in the baby. This condition can be fatal if not treated 
(Fitzsimmins 1999)  
1.3.3. MFCs for Aquaculture 
As of May 2006, there has been no research using MFCs for remediation of 
aquaculture effluent.  As mentioned in section 1.1.4.2, Gregory was able to convert 
nitrate to nitrite using the cathodic reaction of a two chambered fuel cell. Most research 
has been designed to enhance methods of removing organic carbon from a solution and 
generating power.  Several recent studies have achieved sustainable power outputs while 
oxidizing organic carbon in wastewater. Its mixed bacterial communities have been able 
to remove various forms of organic carbon and achieve high treatment efficiencies.  
Table 1-3 illustrates the composition of typical aquaculture sludge.  Due to the similar 
composition of wastewater and fish sludge, it is a safe assumption that an MFC will 
function with fish biosolids as the carbon source in the anode reactor.  If nitrate can be 
effectively used as an electron acceptor in an MFC, the reactors could be used as a 
remediation process to reduce nitrogen levels in aquaculture effluent. 
 
 
 
Table 1-3: Sludge Characteristics of raceway trout farms. (Maillard et al. 2005). TKN-
Total Kjeldahl Nitrogen, The sum of organic nitrogen and ammonia in a water body.  OP 
– organic phosphorous. 
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2. MATERIALS AND METHODS 
2.1. Reactor Configuration 
Two reactor systems were designed to study the effectiveness of fuel cells in 
marine sediment and fish biosolids.  MFCs were set up in a batch configuration using 16 
× 10 × 8 inch, 5.5 gallon glass aquaria. 
2.1.1. Sediment Reactor System (Type 1) 
Each reactor had one anode centered so the wide face of the anode was parallel 
the narrowest face of the reactor centered eight inches from the reactor end.  Distances of 
two and five cm from the anode were marked to ensure consistency in the sample 
extraction ranges.  In reactors with a closed circuit fuel cell, a one gallon plastic terrarium 
was suspended in the tank to create a segregated cathode compartment.  A ¼ inch hole 
was introduced through the terrarium three inches down from the tank surface.  This 
completed the proton loop required for a closed circuit fuel cell.  Two one inch air stones 
were placed under the cathode for aeration with pressurized air. The cathode was angled 
at ~30 degrees to allow air flow along its surface (Figure 2-1).  Each tank was covered by 
a 3 ply, black vinyl cover to eliminate light exposure to the reactor. 
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 Aerobic 
Anaerobic 
Figure 2-1: Sediment reactor system (Type 1). Wires and air tubing not shown. 
2.1.2. Two Aquarium Reactor System (Type 2) 
The second reactor type consisted of two separate reactors connected by a salt 
bridge. One 5.5 gallon glass aquarium measuring 16 × 8 × 10 inches was used for each 
reactor.  The reactor constituting the anaerobic compartment contained four anode plates 
spaced four inches apart. The wires of the anodes were spliced together to form one 
connection point on the exterior of the tank.  The cathode compartment contained four 
cathode plates suspended in the tank approximately two inches from the tank bottom. The 
wires of the cathodes were spliced together to form one connection point on the exterior 
of the tank (Figure 2-2).  The anode reactor was covered with aluminum foil to limit light 
and evaporation.  The cathode reactor was covered with a plastic lid to limit evaporation.  
The two tanks were connected via four salt bridges constructed of rigid ¾ inch PVC pipe.  
Twenty grams per liter of granulated agar was melted in RO water. 161.3 g/L potassium 
33 
nitrate (100 g/L NO3-) was added to the melted agar.  The agar was poured into the PVC 
pipes and allowed to harden before use in the MFC. 
 
Figure 2-2: Two aquarium reactor system (Type 2). Wires and air tubing not shown. 
2.1.3. Electrode Construction 
As typical with fuel cell designs, graphite plates were used as the electrodes in the 
fuel cell.  The cathode was positioned in the aerated water reactor. The anode was 
embedded in either marine sediment or fish biosolids.  The cathode was a 6 × 6 × ¼ inch 
medium grain, grade GR060, extruded graphite plate manufactured by Graphtek LLC.  
The anode is a 3 × 6 × ¼ inch medium grain, grade GR060, extruded graphite plate. A 
hole was hand drilled using 1.5 mm bit through the center of each electrode, through 
which a 20-gage wire stripped of insulation was inserted.  The surface of the hole was 
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then coated with conductive ink and sealed with Marine Goop® epoxy. The total length of 
each wire was 24 inches. For closed circuit fuel cells, the cathode and anode were 
connected by a resistor.  The magnitude of the resistance varied depending on the 
experiment.  
2.2. Marine Sediment Analysis 
2.2.1. General 
The primary purpose for the use of a microbial fuel cell in marine sediment in this 
study was to determine the potential for the fuel cell to accelerate the sediment’s 
capability to biodegrade hydrocarbons. Bar Harbor, Maine, was selected as a collection 
due to its heavy small boat traffic.  A total of 25 gallons of marine sediment were 
collected from two locations in Bar Harbor. Five gallons were collected east of 
Harborside Hotel and Marina.  This location has a municipal storm water runoff drain 
that empties into the bay. Earlier in 2005, several gallons of Number 2 heating oil were 
released through the drain, increasing chances of collecting bacteria with recent exposure 
to hydrocarbons.  The second collection site was located northwest of Harborside Hotel 
and Marina. This area was selected because of the high organic content of the sediment. 
All samples were taken at low tide with the top five inches of sediment removed.  The 
samples were covered with sea water for transport to the lab.  
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 Figure 2-3: Bar Harbor sediment collection points. 
2.2.2. Marine Sediment Reactor Conditions 
Sediment samples were subjected to six different environmental conditions in 
order to determine the effectiveness of a fuel cell on diesel fuel degradation (see section 
2.2.3 for preparation).  The condition in the tanks varied depending on whether the 
system had an open or closed circuit, was contaminated with diesel fuel, and/or was an 
abiotic system. The configuration for each tank is presented in Table 2-1. Two tanks were 
set up for each condition in which the sediment was contaminated with diesel fuel. This 
allowed comparison of the chromographic analysis of the diesel fuel for each sediment 
condition.  
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Table 2-1: Diesel fuel analysis reactor conditions  
 
Reactor1  Circuit: 
Open / Closed 
Sediment: 
Biotic / Abiotic
Diesel Fuel: 
Contaminated / Uncontaminated 
Reactor 1 Closed Biotic Contaminated 
Reactor 2 Closed Biotic Contaminated 
Reactor 3 Closed Biotic Uncontaminated 
Reactor 4 Open Biotic Uncontaminated 
Reactor 5 Open Abiotic Uncontaminated 
Reactor 6 Open Biotic Contaminated 
Reactor 7 Open Biotic Contaminated 
Reactor 8 Open Abiotic Contaminated 
Reactor 9 Open Abiotic Contaminated  
2.2.3. Sediment Preparation 
Marine sediment samples collected from the field were processed to meet the 
conditions required for each of the six configurations.  The twenty-five gallons of 
sediment were sieved in seawater with a number 16 sieve to remove all large particulate 
matter from the system.  The sieved sediments settled for 48 hours, after which standing 
water was removed from each of the five gallon containers.  All sediment samples were 
mixed in five gallon containers with a steel stirring spoon. 
2.2.3.1. Uncontaminated Biotic Samples 
Fourteen liters of homogenized sediment were divided between Tanks 3 and 4. A 
solution of seawater made from 60 ml of Oceanic Natural Sea Salt Mix® per gallon of 
reverse osmosis (RO) water was slowly added to the tank. Nitrogen was bubbled through 
the seawater solution for 15 minutes prior to its addition to the tank to minimize 
oxidation of sediment constituents.  Re-suspension of sediment was minimized by 
inserting the siphon hose into a large test tube placed in the sediment in a corner of the 
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tank.  This reduced the velocity of the water as it entered the tank.  When the water 
reached the top mark of the tank, the siphon hose and test tube were removed. 
2.2.3.2. Contaminated / Uncontaminated Abiotic Samples 
Twenty-one liters of homogenized sediment were collected in 1 liter beakers. The 
beakers were covered with aluminum foil and autoclaved in three separated batches at 
121 oC for 30 minutes per batch. The samples were cooled in a fume hood overnight. 
This procedure was repeated for a total of three days. Seven liters of autoclaved sediment 
were added to Reactor 5. A seawater solution of 60 ml of Oceanic Natural Sea Salt Mix® 
per gallon RO water was added to Tank 5 as described in 2.2.3.1. 
Fourteen liters of autoclaved sediment were mixed with a steel stirring spoon in a 
five gallon plastic container with 10.22 g of diesel fuel per kg of sediment. The 
homogenized sediment was divided between Reactors 8 and 9. A seawater solution of 60 
ml of Oceanic Natural Sea Salt Mix® per gallon RO water was added to Reactors 8 and 9 
as described in 2.2.3.1. 
2.2.3.3. Contaminated Biotic Samples  
The remaining homogenized sediment was divided between two five gallon 
containers and allowed to settle overnight. The following day, the standing water was 
removed from the containers and again allowed to settle overnight. The following day, 
10.14 g diesel fuel per kg of sediment was added to container 1 and 9.95 g diesel fuel per 
kg of sediment was added to container 2. The sediment in each container was then 
homogenized with the diesel fuel using a steel stirring spoon in a five gallon plastic 
container. The sediment from container 1 was divided between Reactors 1 and 2.  The 
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sediment from container 2 was divided between Reactors 6 and 7.  A seawater solution of 
60 ml of Oceanic Natural Sea Salt Mix® per gallon RO water was added to all tanks as 
described in 2.2.3.1. 
2.2.4. Gas Chromatography 
2.2.4.1. Gas Chromatograph Set Points 
Diesel fuel analysis was performed on a Hewlett Packard 8590A Gas 
Chromatograph (GC) with flame ionization detector (FID) and a 60 m DB-5 0.32 mm 
column.  The sample run parameters are presented in Table 2-2. Hewlett Packard 
Chemstation software version B.00.01 was used for the integration and quantitation of the 
data output. 
Table 2-2: Gas chromatograph operating parameters 
 
Gas Chromatograph Set Points 
Injection Temperature 250 ºC 
Detector Temperature 300 ºC 
Oven Temperature, Initial 50 ºC 
Oven Temperature, Final 300 ºC 
Δ Temperature  5 ºC/ minute 
Initial Hold Time 5 minutes 
Final Hold Time 15 minutes 
Total Time  68 minutes 
Injection Volume 2 μl 
2.2.4.2. Standard Preparation 
One gallon of diesel fuel was purchased from the Mobil Gas Station on Stillwater 
Avenue, Bangor, Maine.  2.537 g of diesel fuel was weighed in a volumetric flask. The 
flask was then filled to the 25 ml mark with methylene chloride for a concentration of 
101480.0 mg/l (0.1 g/ml).  This concentration was diluted using serial dilutions to 
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10148.0 mg/l (0.01 g/ml), 1014.8 mg/l (0.001 g/ml), and 101.5 mg/l (0.0001 g/ml). Five 
0.4 ml Low Volume Injection (LVI) vials were prepared with 350 μl diesel fuel mix and 
1 μl androstane internal standard.  Each vial was capped with a PTFE crimp cap. 
2.2.4.3. Standard Calculations 
Components for the diesel fuel used in the testing were identified using a ten point 
diesel fuel standard.  The retention times for components of the ten point standard were 
correlated with the retention times of the components in the diesel fuel.   
There were two stages to calculating the standard curve in Chemstation.  The first 
stage was composed of calculating an average concentration for the components in each 
standard dilution.  The second stage consisted of calculating the average response area for 
each component in each standard dilution.  Each diesel fuel standard sample was injected 
into the GC-FID according to section 2.2.4.1. After five samples, a methylene chloride 
blank was injected to flush column buildup.  To determine the concentration of each 
component in the standard, a percent area report was generated using Chemstation for the 
five 0.01g/ml standard dilution samples.  The methylene chloride and androstane internal 
standard response areas were subtracted from the total sample response area to provide a 
corrected total response area that represented only the 0.01 g/ml standard components.  
Using the corrected area for each peak, concentrations of each diesel fuel component 
could be calculated by using a percent of the known standard concentration.  Table 2-3 
denotes the average concentration of each alkane from the diesel fuel standard at 0.01 
g/ml.  In order to determine the individual alkane concentrations over varying 
concentrations of diesel fuel standard, the alkane concentrations from Table 2-4 were 
increased ten times to represent  a 0.1 g/ml concentration and decreased ten fold for a 
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0.001 g/ml concentration (Data presented in Appendix A).  The calculated concentrations 
were entered into Chemstation to update the analysis method. 
Table 2-3: Alkane concentrations for 0.01g/ml standard.  The average concentration per 
component is equal to the corrected area per component times the concentration of diesel 
fuel in the standard Five 0.01 g/ml dilution samples were used to calculate each average 
and standard deviation. 
 
Compound 
Average 
Response 
Area 
Average 
Corrected 
% Area 
Average 
Concentration 
(mg/l) 
Standard 
Deviation %RSD 
Androstane 7.944E+06 0.000 0.001 2.109E+06 26.549 
Meth Cl 3.608E+09 0.000  2.294E+08 6.358 
Total Area 4.323E+09   2.500E+08 5.783 
Diesel Concentration/ 
Corrected Area 7.050E+08 100.000 10148.000 2.108E+07 2.989 
Decane 2.52E+06 0.358 36.282 2.835 7.815 
Dodecane 8.09E+06 1.148 116.526 4.794 4.114 
Tetradecane 5.41E+06 0.768 77.981 1.965 2.520 
Hexadecane 3.72E+06 0.526 53.411 6.192 11.594 
Octadecane 3.13E+06 0.443 45.003 0.906 2.013 
Eicosane 2.81E+06 0.399 40.454 0.859 2.123 
Docosane 1.85E+06 0.263 26.670 0.812 3.045 
Tetracosane 8.70E+05 0.123 12.525 1.119 8.936 
Hexacosane 1.37E+05 0.019 1.976 0.146 7.382 
 
The second part for data analysis in Chemstation is the response area.  
Quantitation reports were generated in Chemstation for each of the five 0.1, 0.01 and 
0.001 g/ml standard dilution samples, for a total of 15 reports.  The response areas for 
each dilution were averaged together to determine the average response area for each 
alkane.  Table 2-4 denotes the average response area for each alkane from the diesel fuel 
standards at 0.1, 0.01, and 0.001 g/ml.  These updated values were stored as Method 
5980C.  The internal standard, androstane, concentrations of sample 1 of 0.01 g/ml and 
sample 4 of 0.1 g/ml were omitted in calculating the average due to a suspected double 
injection of androstane into the sample based on peak area. The androstane concentration 
of sample 2 of 0.001 g/ml was omitted due to a suspected half injection of androstane 
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into the sample based on peak area.  Figure 2-3 illustrates the update feature in 
Chemstation for editing the decane response areas.  The concentration of decane 
decreases by a factor of ten for each line to coincide with the concentrations as illustrated 
in Table 2.3 and Appendix A.  The response coincides with the peak areas calculated in 
Table 2-4.  This procedure was repeated for all nine alkanes. 
Table 2-4: Diesel fuel standard peak areas. Five samples for each dilution were used to 
calculate each average and standard deviation. 
 
Compound Peak Area 0.1 g/ml 
Standard 
Deviation %RSD 
Peak 
Area 0.01 
g/ml 
Standard 
Deviation %RSD 0.001 g/ml 
Standard 
Deviation %RSD 
Androstane 8.16E+06 6.02E+05 7.38 7.94E+06 2.11E+06 26.55 7.12E+06 7.04E+05 9.89 
Decane 5.62E+07 1.49E+06 2.65 2.52E+06 2.37E+05 9.41 3.29E+05 1.53E+04 4.65 
Dodecane 1.30E+08 7.61E+06 5.87 8.09E+06 2.66E+05 3.29 5.57E+05 3.41E+04 6.12 
Tetradecane 5.78E+07 5.10E+06 8.82 5.41E+06 6.46E+04 1.19 3.43E+05 1.74E+04 5.06 
Hexadecane 4.78E+07 2.33E+06 4.87 3.72E+06 5.03E+05 13.53 3.78E+05 2.29E+05 4.33 
Octadecane 4.32E+07 2.92E+06 6.76 3.13E+06 6.30E+04 2.02 2.53E+05 1.29E+04 5.09 
Eicosane 3.48E+07 5.16E+05 1.48 2.81E+06 9.25E+04 3.29 2.32E+05 1.22E+04 5.24 
Docosane 2.11E+07 5.32E+05 2.53 1.85E+06 7.97E+04 4.30 1.51E+05 4.09E+03 2.70 
Tetracosane 1.33E+07 3.66E+05 2.75 8.70E+05 8.59E+04 9.87 8.25E+04 4.56E+03 5.53 
Hexacosane 1.54E+06 2.58E+05 16.70 1.37E+05 1.14E+04 8.29 1.98E+05 3.17E+05 50.15 
 
 
Figure 2-4:  Edit Compounds Feature in Chemstation. Level 1 is the concentration and 
response for the 0.1 g/ml dilution. Level 2 and three are for the 0.01 and 0.001 g/ml 
dilutions. 
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2.2.5. Sediment Analysis Methods 
2.2.5.1. Sediment Extraction Method 
All glassware, extraction tubes, stirring rods, and collection jar lids used during 
the sediment analysis were soaked for a minimum of twenty-four hours in Contrad 70® 
detergent to remove trace organics.  After soaking, the labware was rinsed with DI water 
and allowed to air dry.  The glassware, stirring rods, and collection jar lids were rinsed 
with acetone and methylene chloride.  
During sampling, sediment was removed from each tank by using a rigid, ¾ inch 
PVC tube.  A glass or metal collection tube is preferred to PVC due to hydrocarbon 
effects on plastic. Thin walled metal tubes were not readily available, thus PVC was 
accepted for use because of the short time frame in contact with the sediment (~ five sec).  
The tube was corked on the top end while the bottom end was lowered into the reactor 
and inserted ½ inch into the sediment, ensuring no water entered the tube.  The cork was 
removed and the tube inserted in the sediment until it reached the reactor bottom. The 
cork was reinserted, and the tube was slowly removed from the sediment. The tube was 
then placed over a weighed, clean, glass collection jar.  Removing the cork released the 
sample into the collection jar.  The jar was immediately capped with a PTFE lined cap 
and weighed.  This procedure was repeated for each tank at a distance of 2 cm and 5 cm 
from the anode. 
To absorb sample water, approximately 40 g of ACS grade anhydrous sodium 
sulfate, as supplied by Fisher Science, were added to each collection jar and mixed with 
the sediment sample using a stainless steel stirring rod.  The rod was rinsed with acetone 
after each sample.  The samples were stored at 4 oC for 24 hr. Thirty ml of methylene 
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chloride were added to each sample jar, and stored at 4 oC for an additional 24 hr.  Each 
sample was sonicated for five min using a Branson 450 Sonifier at power level 10 with a 
50% pulse rate, and a ½” probe.  The sonifier was rinsed with acetone and methylene 
chloride after each sample.  The liquid from each sample jar was removed using a new 
Pasteur pipette and filtered through a second new Pasteur pipette filled with five 
centimeters of glass wool. The liquid was collected in a 1.5 ml glass vial containing 2 g 
of 150 mesh copper powder.  The vial was agitated for two min to allow the copper to 
remove any excess sulfides in the liquid. Using a clean 500 µl glass syringe, 350 µl were 
removed from the vial and placed in a 0.4 ml LVI vial.  Using a clean 100 µl glass 
syringe, 20 µl of a 1:10 androstane internal standard to methylene chloride solution were 
added to the GC vial. The vial was then crimped with a PTFE lined cap. 
2.2.5.2. Diesel Fuel Analysis 
Sediment samples that were prepared for injection into the HP 5890 Gas 
Chromatograph were injected in accordance with section 2.2.4.1.  Data output was 
quantitated using Chemstation and hand integrated.  Calculated concentrations were 
adjusted for the dilution during the extraction method and units converted into g diesel 
fuel per kg (wet weight) sediment. 
2.2.5.3. Loss on Ignition Analysis – Marine Sediment 
Loss on Ignition (LOI) tests were performed in order to determine the percentage 
of total organic carbon found in sediment samples.  Each aluminum collection dish was 
baked in a Thermolyne 48000 muffle furnace at 550oC for one hr, cooled to room 
temperature in a desiccator, pre-weighed using a Mettler AE50 analytical balance prior to 
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use.  The collection dish was weighed to the nearest 0.1 mg.  Sediment samples were 
collected as described in section 2.2.5.1, placed into the collection dish and immediately 
weighed.  The sediment samples were placed in a 135oC oven overnight, then cooled to 
room temperature in a desiccator and weighed to determine the dry weight.  The sample 
and dish were then placed in the muffle furnace for three hr at 550oC, cooled to room 
temperature in a desiccator and then weighed to determine the LOI weight. 
Wet
Dry
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Wt
DryWt =% *100 
% 100*
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FurnaceDry
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WtWt
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−=  
2.2.5.4. Cathode to Anode Surface Area Ratio Analysis 
Using the System Reactor - Type 2, a single anode reactor was filled using the 
homogenized sediment from MFC Reactors 1, 2, 6, and 7, which were the contaminated 
biotic systems.  The sediment was allowed to settle for 96 hr, after which the circuit was 
closed with a 470 ohm resistor connected to two 6 × 6 × ¼ and four 3 × 6 × ¼ cathode 
plates.  The reactor was left undisturbed for 16 days to achieve a steady-state power 
output.  The cathode surface area was periodically reduced to gage the effects on power 
output.  This process was repeated until only one cathode remained in the cathode 
reactor.  
2.3. Fish Biosolids Analysis 
Twenty gallons of fish biosolids were collected from The Center for Cooperative 
Aquaculture Research, University of Maine, 33 Salmon Farm Road, Franklin, Maine 
June 30, 2005. 
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2.3.1. Dissolved Oxygen Consumption 
Using a System Reactor - Type 2, five gallons of fish biosolids were studied in a 
closed circuit fuel cell to examine DO consumption rates.  The system operated in a 
closed circuit for 13 days with constant aeration in the cathode reactor.  A YSI 5100 DO 
analyzer with a 1 ft/sec stir probe was used for all DO readings. The probe was auto-
calibrated according to manufacturer’s instruction prior to each use. After maintaining a 
constant DO concentration in the cathode reactor, flow of air to the system was stopped.  
The voltage produced and DO levels in the reactor were periodically measured over the 
next 24 hr.  After 24 hr, the airflow to the system was resumed for a minimum of 24 hr 
while in order for the system to reach a constant DO concentration. Data were plotted in 
Microsoft Excel to calculate the average DO consumed per hr. 
2.3.2. Nitrate as a TEA  
Three experiments were conducted to determine if nitrate could serve as the TEA 
in an anaerobic cathode reactor.  The first and second experiments used a System Reactor 
- Type 2 with five gallons of fish biosolids in the anode reactor.   
For the first experiment, the cathode reactor was prepared by autoclaving 5 
gallons a RO water for 20 min at 121oC to drive off oxygen.  The water was added to a 
five gallon tank, to which was added 10 mg/L potassium nitrate, and 31.13 ml/l of 
Oceanic Natural Sea Salt Mix®.  The reactor was flushed with nitrogen gas for one hour 
as the water cooled to room temperature.  Four 6 × 6 × ¼ inch electrodes were suspended 
in the cathode reactor and the two reactors were connected via salt bridges prepared as in 
section 2.1.2.  The circuit was closed using a 470Ω resistor.  A voltage data point was 
collected every 30 sec.  Nitrogen was continuously bubbled through the cathode reactor 
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for the duration of the test.  DO was periodically monitored to ensure there was no 
oxygen intrusion into the system. 
For the second experiment, the cathode reactor was prepared by autoclaving 5 
gallons a RO water for 20 min at 121oC to drive of oxygen.  The water was added to a 
five gallon tank and flushed with nitrogen gas for one hr as the water cooled to room 
temperature without salt or nitrate addition.  Four 6 × 6 × ¼ inch electrodes were 
suspended in the cathode reactor and the two reactors were connected via salt bridges.  
The salt bridges were prepared with sodium chloride instead of potassium nitrate to 
eliminate the possibility of additional nitrate or electron acceptors being added to the 
cathode reactor.  The circuit was closed using a 470Ω resistor.  A voltage data point was 
collected every 30 sec.  Nitrogen was continuously bubbled through the cathode reactor 
for the duration of the test.  After a time period of steady power output, 31.1 ml of 
Oceanic Natural Sea Salt Mix® were added to the reactor.  16.1 mg/ potassium nitrate (10 
mg/l nitrate) was added to the reactor approximately 100 min into the test to detect any 
power fluctuation not caused by the salt addition. 
The third experiment was conducted in two 2-liter beakers.  An air stone was 
attached to the base of the anode beaker. The air line was attached to a nitrogen gas 
cylinder.  The anode beaker was filled with 2 liters of biosolids from the anode reactor of 
the previous two nitrate tests. A 3 × 6 × ¼ inch electrode was removed from the anode of 
the previous nitrate tests and inserted into the 2 liter beaker.  The beaker was then 
covered with parafilm and nitrogen gas was turned on to the system.  The beaker was 
then covered with aluminum foil to prevent light intrusion.   For the cathode reactor a 3 × 
6 × ¼ inch electrode was soaked in 1N HCL for 48 hr, with an acid replacement after 24 
47 
hr.  The acid soak was used to remove any potential electron acceptors that may have 
been incorporated into the electrode during the manufacturing process.  After the acid 
soak, the electrode was rinsed with DI water and dried.  A copper wire was inserted into 
the electrode as described in section 2.1.3.  The electrode was then autoclaved in DI 
water for 20 min at 121oC.  Two liters of DI water were also autoclaved for 20 min at 
121oC.  The electrode was then inserted into the 2-liter beaker and nitrogen gas was 
bubbled through the system for one hr so the system could return to room temperature.  
The cathode beaker was placed on a stir plate and connected to the anode beaker via a 
salt bridge made from 20 g/l agar, and 100 g/L sodium chloride.  The circuit was closed 
using a 470Ω resistor.  Nitrogen was continuously bubbled through the cathode beaker 
throughout the testing.  Power output was monitored as in nitrate experiment 2, with salt 
and nitrate being adding incrementally to monitor their effect on the system. 
2.3.3. Loss on Ignition Analysis and pH – Fish Biosolids 
Loss on Ignition (LOI) tests were performed in accordance with section 2.2.5.3.  PH was 
measured using a Corning 430 pH meter. The meter was calibrated prior to each use 
according to manufacturer’s instructions. 
2.3.4. Cathode to Anode Surface Area Ratio Analysis 
Cathode to anode surface area ratio analysis was performed in accordance with 
section 2.2.5.4.  The reactor was left undisturbed for 13 days to achieve a steady state 
power output. 
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3. RESULTS 
3.1. Marine Sediment Diesel Fuel Degradation 
3.1.1. MFC Data 
The contaminated closed circuit fuel cells (Reactors 1 and 2) were monitored for 
117 days with the voltage recorded every 60 sec.  The uncontaminated closed circuit fuel 
cell (Reactor 3) was monitored for 105 days.  Figures 3-1 through 3-3 illustrate the power 
per unit area of the anode versus the output time.  A 5000 data point average is 
superimposed on the data.  This average shows the general trend of the fuel cell power 
output by limiting the effects of rapidly shifting voltage.  Several decreases in power 
output correlate to decreasing water levels in the reactor. When RO water was added to 
return the water to its original level, the power output increased substantially.  Reactor 2 
had significant fluctuations in its power output for the last 35 days of operation.  Upon 
examination of the cathode at the end of the experiments, heavy corrosion was detected at 
the wire-electrode connection point. 
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Figure 3-1: Power per unit area for contaminated closed circuit MFC (Reactor 1). Unit 
area based on surface area of the anode. Data point collected at 60 second intervals. The 
red line represents a 5000 data point average.  RO water added as noted. 
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Figure 3-2: Power per unit area for contaminated closed circuit MFC (Reactor 2). Unit 
area based on surface area of the anode. Data point collected at 60 second intervals. The 
red line represents a 5000 data point average.  RO water added as noted.  
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Figure 3-3: Power per unit area for uncontaminated closed circuit MFC (Reactor 3). Unit 
area based on surface area of the anode. Data point collected at 60 second intervals. The 
red line represents a 5000 data point average.  RO water added as noted. 
 
Figure 3-4 plots the 5000 point average for the three closed circuit MFC reactors.  
This figure compares the general trends in the power output over time for each of the 
reactors.  Significant power increases began at approximately 63 days for the 
contaminated reactors.  The power output for the uncontaminated reactor has higher 
initial power output than the contaminated reactors yet required the same amount of time 
before a significant increase in the output was observed.  The lower power of the 
contaminated systems was likely due to the diesel fuel killing or hindering growth of 
bacteria not tolerant to the diesel fuel.  By 63 days, bacteria adapted to the presence of the 
hydrocarbons in the sediment.   
The units for power can be expressed as joules per second.  The area under the 
curves for the 5000 point averages were calculated to determine the energy produced 
during the operation of the system. Contaminated Reactor 1 produced 17867.8 joules per 
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square meter (4.96 watt-hours per square meter) of energy in 117 days of operation. 
Contaminated Reactor 2 produced 24271.7 joules per square meter (6.74 watt-hours per 
square meter) of energy in 117 days of operation.  Uncontaminated Reactor 3 produced 
35145.1 joules per square meter (9.76 watt-hours per square meter) of energy in 105 days 
of operation. 
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Figure 3-4: 5000 point average for closed circuit MFCs. Unit area based on surface area 
of anode. 
3.1.2. Degradation of Diesel Fuel Components 
The average total concentration for the alkanes examined for each fuel cell 
configuration is presented in Figure 3-5.  With the exception of time zero each data point 
represents the two and five cm sample distances from two reactors (total four data 
samples per point).  The standard deviations for the diesel fuel analysis were calculated 
based three time zero samples drawn from each tank.  There were two tanks for each 
prepared sediment batch so a total of six samples were used to determine the standard 
deviation for each reactor configuration.  The initial total diesel fuel hydrocarbon 
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concentrations and standard deviations are presented in Table 3-1.  Decane was not 
included in the calculation of the total hydrocarbon averages or standard deviations.  The 
decane peak was on the tail of the methylene chloride peak causing inconsistent numbers 
through the testing.  Figure 3-6 has the total alkane concentrations for each contaminated 
reactor at two and five cm from the anode.  Appendix A provides the concentration of 
each alkane used to calculate the total concentration.  The change in concentration of the 
diesel fuel components does not vary from the standard deviation in any of the reactors.  
A T-Test statistical analysis was performed on the initial and final concentrations for 
each set of reactor conditions.  The closed circuit contaminated has a T-test result of 
0.417. The open circuit contaminated had a T-test result of 0.813. The open circuit 
contaminated had a T-test result of 0.661. 
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Figure 3-5: Contaminated MFC average alkane concentrations. Each point represents 
average of four data points, with the exception of time zero where each point represents 
six data points. Standard deviation for each testing condition is based on the six time zero 
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data points for each condition. No data sample was taken for contaminated closed circuit 
on day 105. 
 
Pristane and phytane are natural saturated terpenoid alkanes.  Pristane and 
phytane are resistant to biodegradation.  In comparing the n-C17/Pristane or n-C18/Phytane 
ratios the degree of degradation between two samples can be compared.  Tables 3-2 
through 3-4 compare the peak height of the heptadecane (n-C17)/pristane ratio and 
octadecane (n-C18)/phytane ratio at the initial time point and the final time points (Wade 
et al. 2001).   
For closed circuit contaminated reactors the peak height decreased 32% for the 
pristane ratio and 32% for the phytane ratio.  The reductions for open circuit 
contaminated reactors were 30% for the pristane ratio and 30% for the phytane ratio.  The 
reductions for open circuit, abiotic, contaminated reactors were 18% for the pristine ratio 
and 20% for the phytane ratio.  The 0.01 standard had a 4.80 percent reduction for 
pristane and 4.58 percent reduction for phytane.  The 0.001 standard had a 3.76 percent 
reduction for pristane and a 4.87 percent reduction for phytane. 
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Figure 3-6: Alkane concentration over time for sediment samples in MFC based upon 
MFC testing parameters.  Each data point represents one sample taken at a specified 
distance.  Standard deviations based on calculations in Table 3-1. 
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Reactors 1 and 2: Contaminated Closed Circuit 
Average 0.593 0.122 0.159 0.179 0.123 0.057 0.060 0.000 1.293
Standard Deviation 0.162 0.024 0.039 0.045 0.028 0.011 0.017 0.000 0.318
Reactors 6 and 7: Contaminated Open Circuit 
Average 0.562 0.119 0.155 0.174 0.118 0.058 0.058 0.000 1.244
Standard Deviation 0.080 0.027 0.024 0.026 0.020 0.014 0.009 0.000 0.196
Reactors 8 and 9: Contaminated Open Circuit, Abiotic 
Average 0.642 0.151 0.184 0.205 0.143 0.073 0.069 0.000 1.465
Standard Deviation 0.095 0.020 0.024 0.028 0.018 0.008 0.010 0.000 0.192
56 
D
od
ec
an
e 
(m
g/
L)
 
Te
tr
ad
ec
an
e 
(m
g/
L)
 
H
ex
ad
ec
an
e 
(m
g/
L)
 
O
ct
ad
ec
an
e 
(m
g/
L)
 
Ei
co
sa
ne
 
(m
g/
L)
 
D
oc
os
an
e 
(m
g/
L)
 
Te
tr
ac
os
an
e 
(m
g/
L)
 
H
ex
ac
os
an
e 
(m
g/
L)
 
To
ta
l (
m
g/
L)
 
Table 3-2: Average pristane and phytane ratios for closed circuit contaminated MFC 
reactors.  Time zero represents six samples taken random distances from anode. Sample 
at 121 days represent samples at 0, 2, and 5 cm from anode face in Reactors 1 and 2. 
 
 Time =0 days Time = 121 days 
 Pristane  Phytane Pristane  Phytane Reactor 
 1.50 1.62 1.18 1.24 R-1 0 cm 
 1.50 1.65 1.17 1.22 R-1 2 cm 
 1.49 1.60 1.05 1.13 R-1 5 cm 
 1.53 1.63 0.78 0.83 R-2 0 cm 
 1.36 1.52 0.76 0.92 R-2 2 cm 
 1.53 1.61 1.17 1.24 R-2 5 cm 
Average 1.48 1.60 1.02 1.10  
STDEV 0.06 0.04 0.20 0.18  
 
Table 3-3: Average pristane and phytane ratios for open circuit contaminated MFC 
reactors. Time zero represents six samples taken random distances from anode. Sample at 
121 days represent samples at 2, and 5 cm from anode face in Reactors 6 and 7. 
 
 Time =0 days Time = 121 days 
 Pristane  Phytane Pristane  Phytane Reactor 
 1.45 1.58 1.08 1.13 R-6 2 cm 
 1.50 1.61 1.09 1.14 R-6 5 cm 
 1.44 1.53 1.05 1.12 R-7 2 cm 
 1.45 1.61 0.95 1.01 R-7 5 cm 
 1.52 1.54      
 1.53 1.61      
Average 1.48 1.58 1.04 1.10  
STDEV 0.04 0.04 0.07 0.06  
 
Table 3-4: Average pristane and phytane ratios for open circuit, abiotic, contaminated 
MFC reactors. Time zero represents six samples taken random distances from anode. 
Sample at 121 days represent samples at 2 and 5 cm from anode face in Reactors 8 and 9. 
 
 Time =0 days Time = 121 days 
 Pristane  Phytane Pristane  Phytane Reactor 
 1.50 1.62 1.13 1.15 R-8 2 cm 
 1.49 1.62 1.12 1.21 R-8 5 cm 
 1.47 1.63 1.27 1.32 R-9 2 cm 
 1.53 1.60 1.36 1.47 R-9 5 cm 
 1.48 1.58    
 1.51 1.63    
Average 1.50 1.61 1.22 1.29  
STDEV 0.02 0.02 0.12 0.14  
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3.1.3. LOI in Marine Sediment 
Sixty–nine sediment samples were collected for LOI. The average dry weight of 
the samples was 44.93% of the total weight, with a standard deviation of 9.60%.  The 
average LOI was 3.11% with a standard deviation of 0.46%.  The percent LOI did not 
change significantly over the course of the testing (Data in Appendix A). 
3.1.4. Effects of Changing Cathode to Anode Surface Area Ratio on Output 
Figure 3-7 and Table 3-5 summarize the change in voltage produced versus a 
changing cathode surface area.  The anode surface area remained constant at 1045.2 cm2 
(four electrodes at 261.3 cm2).  As the cathode surface area was reduced, the power 
output declined in logarithmically according to the best fit curve using Microsoft Excel 
(Fig. 3-7).  When the surface area was reduced 25 % from 2090.32 to 1587.09 cm2 there 
was a 10.70 % reduction in power produced.  When the cathode surface area was reduced 
an additional 25 % (to 1045.16 cm2), the power decreased by an additional 3.27 %. 
Reducing the cathode surface area an additional 12.5 % (to 774.19 cm2) reduced the 
power output another 5.18 %.  Further decreasing the surface area another 12.5 % (to 
75% of the original surface area), the power output decreased 11.16%.  The total voltage 
drop from a 2:1 cathode to anode surface area to a 0.5:1 cathode to anode surface area 
was 27.23 %. 
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Table 3-5: Sediment output versus cathode area data.  The standard deviation is based 
upon the average of all samples taken during each cathode size.  Power reduction per 
increment is the percent in power reduction based on the previous cathode size. Overall 
power reduction is based upon the power reduction from the 2:1 cathode to anode power 
production.  Average power = measured voltage ÷resistance. 
 
Cathode Surface 
Area (cm2) 
 
Average 
Voltage 
(mV) 
Average
Power 
(mW) 
S.D. 
Power 
Reduction per 
Increment 
Overall Power 
Reduction 
2090.32 315.35 0.212 0.005 0.00% 0.00% 
1587.09 298.01 0.189 0.001 10.70% 10.70% 
1045.16 293.10 0.183 0.009 3.27% 13.62% 
774.19 285.41 0.173 0.001 5.18% 18.09% 
503.22 269.02 0.154 0.001 11.16% 27.23% 
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Figure 3-7: Sediment power output versus cathode area plot.  Standard deviation based 
upon deviations calculated in Table 3-5.  Tread line based on logarithmic regression. 
Anode surface area = 1045.2 cm2. 
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3.2. Fish Biosolids Results 
3.2.1. DO Effect on Power Output 
Figures 3-8 through 3-11 present the data collected from the dissolved oxygen 
tests conducted using the fish biosolids.  Test 1 was performed without air input, but with 
the cathode compartment continuously stirred by the DO meter stir probe for the first 4.3 
hours.  Tests 2-4 replicated Test 1 with the exception that stirring only occurred during 
DO measurement.  Spikes in the voltage were observed when the DO stir probe was 
energized to take a DO reading.  Upon completion of Test 4, the cathode plates were 
inspected due to irregular power output during the test. One electrode had extensive 
corrosion at the wire-electrode connection to the point of an open circuit.  The decrease in 
voltage occurred during the evening, so there are no DO readings for the time period 
surrounding the wire breakage. 
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Figure 3-8: Fish biosolids DO. Constant stirring from time = 0 to 4.3.  Power output is 
not corrected to unit area of the anode.  Anode surface area was 1083.9 cm2. 
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Figure 3-9: Fish biosolids DO Replication 2. Stirring occurred only during DO 
measurement.  Power output is not corrected to unit area of the anode.  Anode surface 
area was 1083.9 cm2.  
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Figure 3-10: Fish biosolids DO Replication 3. Stirring occurred only during DO 
measurement.  Power output is not corrected to unit area of the anode.  Anode surface 
area was 1083.9 cm2. 
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Figure 3-11: Fish biosolids DO Replication 4. Stirring occurred only during DO 
measurement.  Power output is not corrected to unit area of the anode.  Anode surface 
area was 1083.9 cm2.  Cathode failure during test resulted in erratic power output after 
time = 10 hours. 
3.2.2. Nitrate Data 
An increased power output was not produced using nitrate as an electron acceptor 
in the oxidation of organic carbon in fish biosolids.  Figure 3-12 presents the data from 
the first test to produce a power output from the reduction of nitrate in the cathode 
reactor.  The cathode contained RO water, 10 mg/L NO3-. The DO level of the reactor 
was below 0.5 mg/L.  491 mV were produced immediately upon closing the circuit. This 
power steadily decreased for 30 minutes down to 388 mV.  The output then increased 
rapidly to 472 mV and maintained an average output of 472.5 mV with a standard 
deviation of 3.3 mV for the next 143 min.  The power output was erratic for the next 
118.6 hours, averaging 487.5 mV with a standard deviation of 31.6.  When the circuit 
was disconnected and inspected, severe corrosion was detected at the wire-electrode 
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connection point of three electrodes.  The electrodes were rewired with new copper wire 
prior to any further nitrate experiments. 
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Figure 3-12: Fish biosolids NO3- reduction 
 
Figure 3-13 presents the data from the second experiment using nitrate as the 
electron acceptor in the cathode reactor.  In this test, components were added 
incrementally to determine background voltage.  Data from one hour prior to closing the 
circuit with the new cathode reactor is presented to show the steady power output of the 
MFC.  When the circuit was closed, the cathode reactor contained only RO water. The 
voltage was monitored for 36 min with an overall output of 265.9 mV with a standard 
deviation of 3.7 mV.  When 31.25 ml/L sea salt mix was added to the cathode reactor, the 
power immediately increased to 402 mV. The output reached its peak at 44 min with 428 
mV, after which the power began to decline asymptotically down to 341 mV.  When the 
NO3- was added to the system at 100 min, there was no detectable change in the power 
output.  After approximately 1300 min, the nitrogen gas supply to the tank was shut off 
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and air was introduced to the cathode reactor (Figure 3-14).  The output immediately 
began to increase, but it never achieved pretest levels. 
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Figure 3-13: Fish biosolids NO3- reduction; Test 2 data 
 
0
100
200
300
400
500
600
-100.00 100.00 300.00 500.00 700.00 900.00 1100.00 1300.00 1500.00
Time (min) T = 0 @ C.C. w/ RO 
Vo
lta
ge
 (m
V)
 
Closed circuit 
Added O2 
Figure 3-14: Fish biosolids NO3- reduction; Test 2 long term data 
Figure 3-15 presents the data from the third experiment using nitrate as the 
electron acceptor in the cathode reactor.  In this test, components were added 
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incrementally to determine background voltage.  When the circuit was closed, the 
cathode reactor contained only DI water. The voltage was monitored for 42 min with an 
average output of 63.0 mV with a standard deviation of 7.7 mV.  When 31.25 mg/L NaCl 
was added to the cathode reactor, the power immediately increased to 227.6 mV. The 
power began to decline asymptotically.  100 mg/L NO3- was added to the system at 70 
min with no detectable change in the power output. 
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Figure 3-15: Fish biosolids NO3- reduction; Test 3 data 
 
3.2.3. LOI and pH Data – Fish Biosolids 
Twenty-six samples of fish biosolids were collected for LOI analysis. The average 
percent wet weight of the samples at ten days was 92.89% with a standard deviation of 
2.75%. The percent wet weight at 210 days was 73.80% with a standard deviation of 
2.77%.  The average LOI for the samples at ten days was 37.14% with a standard 
deviation of 2.19%. The average LOI for the samples at 210 days was 24.67% with a 
standard deviation of 1.97%. 
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The average pH for the anode reactor was 7.87 with a standard deviation of 0.22. 
The cathode reactor had a pH of 7.72 with a standard deviation of 0.23. 
3.2.4. Cathode to Anode Surface Area Ratio Analysis 
Figure 3-21 and Table 3-6 summarize the change in voltage produced versus a 
changing cathode surface area.  The anode surface area remained constant at 1045.2 cm2 
(four electrodes at 261.3 cm2).  As the cathode surface area was reduced, the power 
output declined logarithmically.  When the surface area was reduced 25% from 
2012.9cm2 to 1509.7 cm2 there was a 01.3% reduction in power output.  When the 
cathode surface area was reduced an additional 25% (to 1006.4 cm2), the voltage 
decreased by an additional 11.77%.  Further decreasing the surface 25% (to 25% of the 
original surface area), the power output decreased an additional 16.72%.  The total 
voltage drop from a 2:1 cathode to anode surface area to a 0.5:1 cathode to anode surface 
area was 27.50%. 
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Table 3-6: Fish biosolids output versus cathode area data. The standard deviation is based 
upon the average of all samples taken during each cathode size.  Power reduction per 
increment is the percent in power reduction based on the previous cathode size. Overall 
power reduction is based upon the power reduction from the 2:1 cathode to anode power 
production. 
 
Cathode Surface 
Area (cm2) 
 
Average 
Voltage 
(mV) 
Average
Power 
(mW) 
S.D. 
Power 
Reduction per 
Increment 
Overall 
Power 
Reduction 
2012.90 381.27 0.309 0.0018 0.00% 0.00% 
1509.67 378.72 0.305 0.0018 1.33% 1.33% 
1006.45 355.74 0.269 0.0068 11.77% 12.94% 
503.22 324.63 0.224 0.0035 16.72% 27.50% 
 
y = 0.0649Ln(x) - 0.1785
R2 = 0.9762
0.000
0.050
0.100
0.150
0.200
0.250
0.300
0.350
400 700 1000 1300 1600 1900
Cathode Surface Area (cm2)
Po
w
er
 O
ut
pu
t (
m
W
)
Fish Sludge
Log. (Fish Sludge)
 
Figure 3-16: Fish biosolids  power output versus cathode area plot.  Standard deviation 
based upon deviations calculated in Table 3-6.  Tread line based on logarithmic 
regression. Anode surface area = 1045.2 cm2. 
 
67 
4. DISCUSSION 
4.1. MFC Operation in Marine Sediment 
4.1.1. MFC Operation 
The power output of two chambered fuel cells is directly proportional to the size 
of the PEM in the system as demonstrated by Oh et al., 2006 (Figure 1-3).  This study 
found a steady decrease in the power output as the water levels decreased in the MFC 
reactors.  The initial proton exchange area of the Type 1 reactor system consisted of a ¼” 
hole drilled into the 1 gallon terrarium, equivalent to a proton exchange area of 0.016 in2.  
As the water in the reactor decreased to levels to where the proton exchange area was 
incompletely submerged, the area available for proton exchange changed in accordance 
with the following equation:  
( )θθπ sin
2
*
2
2 −−= rrArea  
When RO water was added to the system to return water levels in the reactors to initial 
levels, there was an immediate increase in the power produced.  The increase in power 
output corresponded to the levels that the power would have achieved had there not been 
a decrease in power due to dropping water levels.  By examining the slope of the line up 
to the highest level of power output prior to power drops due to decreasing water levels 
and comparing it to the slope of the line immediately following the addition of RO water 
in Figure 3-1, the two slopes are almost identical.  The slope of the 5000 point average 
line does not reflect these drops due to water levels, possibly due to the short duration of 
these events (Figure 3-4).  The 5000 point average has a nearly exponential growth from 
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60 to 90 days in the contaminated samples, suggesting that the power drops did not have 
lasting effects on the systems.   
The increase in power output with water additions after 63 days may be due to 
bacteria growth factors.  The bacteria counts on the electrodes may be the limiting factor 
for the power output of this system as designed.  When the anode is initially inserted into 
the sediment, the area surrounding the anode is populated by many species of bacteria 
capable of using various TEAs.  Initially, only a small percentage of the anode surface 
area is populated by bacteria capable of transferring electrons directly to the electrode.  
As the TEAs in the sediment are consumed, the bacteria capable of transferring electrons 
to the anode will occupy a larger percentage of the surface area of the electrode.  If the 
proton exchange area decreases to the point in which it, not the bacteria, limit the power 
output of the system, the bacteria growth may continue at the same, or nearly the same 
rate.  If there are TEAs remaining in the sediment that accept electrons more efficiently 
than the anode, the bacteria may shift from the anode back to the sediment.  When the 
proton exchange area is increased, and no longer limiting, the bacteria can shift electron 
donation back to the more efficient anode. 
The effects of increasing ionic strength as the water levels decrease can be ruled 
out as the cause of the power output declines during low water levels.  There was neither 
removal nor addition of ions to the system when the MFC was in operation.  As the water 
levels in the reactor decrease there are proportional increases in the ionic strength of the 
water in the system due to sea salt.  Liu et al. (2005b) demonstrated that increasing the 
ionic strength of the solution increased the power output of MFCs using wastewater as a 
substrate.  Therefore the decreasing water levels should have increased the power output 
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due to an increasing ionic strength, unless the power output was limited by other factors.  
Assuming there were four inches of sediment in each reactor, the volume of water in the 
system would be 768 in3.  A decrease of ½ inch of water in the tank would change the 
volume of free water to 704 in3, an 8.3% decrease.  Liu et al were able to increase the 
power output of the MFC by 85% by increasing the ionic strength from 100 mM to 400 
mM, a 400% increase.  It is not likely that the small change in ionic strength would 
reflect an increase in power output in this system as designed, but it can be ruled out as 
the cause of the decrease in power output observed as the water level decreased. 
Small fluctuations observed in the output as the water level decreases to expose 
the proton exchange area could be due to waves in the tank created by the air bubbling in 
the cathode reactor.  It is possible that the waves would temporarily increase or decrease 
the surface area associated with the proton transfer area. 
After 115 days in contaminated closed circuit reactor 1 and 85 days in 
contaminated closed circuit reactor 2, erratic power outputs were observed. The erratic 
power outputs were not due to low water levels over the proton exchange area as 
described above.  Upon disassembling the reactor after 120 days, severe copper corrosion 
was observed at the cathode-wire connection.  When a small amount of force was applied 
to this connection, the copper wire broke.  It is not known if the change in the valence 
state of the copper wire directly affected the power output of the systems.  More likely, 
the erratic power output was created by a decreasing cross-sectional area of the copper 
wire, limiting the efficiency of electron transfer.  Using non-corrosive materials for the 
wiring in the system should eliminate this problem in future reactor designs. 
70 
4.1.2. Alkane Remediation 
The alkane concentrations found in the closed circuit MFCs did not decrease at a 
faster rate that those in the contaminated controls (Figure 3-5).  This implies that the 
power generated from the MFC was due to other forms of organic carbon found in the 
sediment and not because of the diesel fuel.  The lag phase of 63 days from the start of 
the test to the increase of power output in the contaminated MFC suggested that this was 
the time required for bacteria in the sediment to acclimate to the diesel fuel contamination 
(Figure 3-4).  There was a sharp decrease in the alkane concentrations during the 4th 
sample set in the contaminated open circuit and the contaminated closed circuit.  It is 
possible that the sharp decrease was due to a procedural error.  Of eight samples used to 
calculated the two data points for the reactors, four were low (Figure 3-6).  The four low 
samples were all processed sequentially.  It is possible that there were errors in 
measurement of the solvent, solvent evaporation, a lower level of internal standard 
injection, or an error during the GC-FID processing.  The exact cause of the lower 
concentration was not determined. 
Bond et al. (2002) have previously shown that an MFC can use the aromatic 
benzoate as the carbon source. Although this was a pure culture MFC, it did demonstrate 
that hydrocarbons can be degraded by bacteria in a MFC.  Benzoate is more complex 
than the straight chain alkanes found in diesel fuel.  Typically, the alkanes are easier to 
break down by bacteria.  It is possible that the bacteria utilizing other forms of organic 
carbon capable of surviving in an environment contaminated with diesel fuel out-
competed the bacteria capable of utilizing alkanes as an energy source in conjunction 
with an MFC.  Reactor 1 of the contaminated closed circuit had a sharp decrease in 
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power output between 92 and 102 days of operation that was not due to low water levels.  
This was followed by a sharp increase in the power output that began on day 102 (Figure 
3-1). The power began to increase before the water addition to the system.  After the 
water addition, there was a near exponential increase in power output.  This power drop 
was followed by a power increase and may be due to a shift in the bacteria populations. 
The bacteria may have depleted the preferred substrate and the anode communities were 
shifting to a different substrate.  Carbon sources other than alkanes were not analyzed in 
these tests and LOI showed inadequate resolution, so it was not possible to determine 
what substrate change may have occurred.  It is possible that the bacteria did shift to 
hydrocarbon utilization, but decrease in alkane concentration may not have been great 
enough to register in the single sample taken between the power increase and the 
dismantling of the system (Figure A-1a).   
The bacteria capable of utilizing alkanes in conjunction with an MFC have yet to 
be isolated and identified.  If hydrocarbons were provided as the only electron donor, the 
desired bacteria could be identified.  If the lag times required for bacteria capable of 
utilizing hydrocarbons with an MFC could be identified, time frames could be identified 
that could determine when remediation would begin.  If the organic carbon preference for 
the in situ bacteria could be identified, the peaks and valleys of the MFC output could be 
used to determine at which point the bacteria communities change substrates.  By 
interpreting the substrate changes, the point at which hydrocarbons become the substrate 
of choice can be determined.  It would also be possible to preload anodes with preferred 
bacteria types to jump start the desired microbial processes.  Future research in 
hydrocarbon remediation using an MFC should focus on isolating and identifying these 
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bacteria in order to determine what environmental conditions would be most favorable 
for their use. 
4.1.3. Pristane/Phytane Ratio 
The decrease in the n-C17/pristane and n-C18/phytane ratios for the closed circuit 
contaminated MFC and the open circuit control were almost identical (Tables 3-2 through 
3-4).  Therefore, the MFC did not affect the biodegradation rate of the diesel fuel in the 
sediment.  The abiotic control had less of a drop in the ratios than the closed and open 
circuit contaminated samples.  If there was any bacterial degradation of the n-C17 or n-C18 
hydrocarbons, the heated sterilization of the sediment would have reduced the effects of 
bacterial action.  Greater bacterial utilization of the n-C17 or n-C18 alkanes would result in 
a smaller ratio over time signifying greater biodegradation levels. While the MFC did not 
stimulate additional biodegradation rates in the biotic reactors during the testing time 
frame, there was greater reduction in the biotic reactor ratios than in the abiotic reactor 
ratios. With bacteria as the only variable between the biotic and abiotic systems, they 
were likely the cause of decrease in n-C17 and n-C18 alkanes.  While this suggests 
bacterial degradation of alkanes, the decrease in n-C18 (n-C17 was not analyzed for total 
alkane concentrations) may not have been significant enough to register in the total 
alkane concentrations displayed in Figure 3-5. 
4.1.4. Marine Sediment LOI 
The LOI analysis for the marine sediment did not reveal a noticeable decrease in 
volatile carbon during the operation of the MFCs.  The LOI in sediment measures all 
organic matter found in the sample. Humic substances are stable and make up a 
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substantial amount of the organic matter in the sediment.  The organic carbon utilized by 
the bacteria during the testing time frame was more labile. The change in overall organic 
matter resulting from the labile organic carbon was not high enough to register with the 
LOI testing.  The addition of diesel fuel to the sediment could have slowed bacterial 
metabolism until strains of bacteria were able to adapt to the contamination, reducing the 
overall rate of organic carbon oxidation.  However, there was no detectable difference 
between the contaminated and uncontaminated samples, so it is not likely that slowing of 
bacterial metabolism due to contamination is the reason for the absence of detectable 
changes in LOI.  
4.1.5. Cathode Surface Area 
The tests relating power to cathode surface areas had best fit curves equal to: 
Power = 0.0375 × ln(ACathode) - 0.0782: Sediment (Figure 3-7) 
Power = 0.0649 × ln(ACathode) - 0.01785: Fish Biosolids (Figure 3-16) 
These equations were derived using Microsoft Excel trend line regression analysis. The 
logarithmic curve had the highest R2 value with 0.95 for marine sediment and 0.98 for 
fish biosolids. These equations imply that increasing the cathode surface area has 
diminishing returns.  At some point, the addition of more cathode surface area will not 
result in a useful power output increase for the system.  Increasing the cathode surface 
area in the sediment MFC from 500 cm2 to 2000 cm2, from a 2:1 anode:cathode to a 1:2 
anode:cathode ratio (400% increase) would result in a 25% increase in power output.  
Increasing the cathode surface area from 500 cm2 to 4000 cm2 (800% increase) would 
result in a 34% increase in power output.  It would require an extra 400% increase in the 
cathode surface area to gain an extra 8% in power output (Figure 4-1).  The calculations 
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in Figure 4-1 are extrapolations from lab data.  The extrapolations demonstrate that if the 
logarithmic trend is accurate, power output will follow a diminishing return.  This 
diminishing return is important to consider if a large scale system were to be designed for 
power production.  A cost analysis would be useful to determine the point at which the 
power gained from the extra cathode surface area would be negated by the cost of the 
cathode itself.  The two lines do not overlap due to the y-intercept of the regression line.  
Due to its higher organic content and higher concentrations of easily utilizable organic 
matter, the fish biosolids had a higher power output and therefore, a larger y-intercept.  
The regression lines are nearly parallel if the y-intercept is disregarded, causing the 
curves to overlap. 
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Figure 4-1: Power gained from each incremental 50 cm2 increase in cathode surface area.  
Anode to cathode surface area ratios are marked Anode surface area = 1045.2 cm2. 
 
Oh and Logan (2005) examined the electrode ratios in which the cathode was 
reduced in size smaller than 1:1 surface area ratio with the anode.  They altered the 
surface area of the cathode from 2 cm2 to 22.5cm2 for with a steady anode size of 
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22.5cm2.  In Figure 4-2, their data set is plotted along with the resulting derived model 
equation.  This equation was empirically derived from their results (Oh and Logan 2005): 
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Figure 4-2: Comparison of power output models for changing anode surface area versus a 
stable anode area.  Power output comparison between Oh and Logan (2005) experiments 
versus sediment and fish biosolids MFCs used in this study.  Anode surface area = 22.5 
cm2 used in model. PEM surface area for Oh and Logan model = 30.6 cm2. 
 
The best fit curves for the marine sediment and biosolids are also plotted with 
Oh’s data. The model includes cathode surface areas up to a 2:1 cathode:anode surface 
area ratio to reflect this study.  The models do not overlap, but the trend is similar. Oh 
and Logan (2005) used a PEM and platinum as a catalyst on the electrodes, providing a 
higher power output which does not level off because their equation follows a power law.  
The similar curve of the models over this surface area ratio range demonstrates that the 
electrode ratios are similar through two chamber reactor designs between the three 
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experiments.  While these models can serve as guides, individual reactor characteristics 
will determine which electrode ratio will be most efficient. 
4.2.  Fish Biosolids MFC Operation 
4.2.1. Nitrate as a Cathode TEA Discussion 
The tests in this study were not able to increase power output using nitrate as the 
electron acceptor at the cathode (Figures 3-12 through 3-15).  Gregory et al (2004) 
demonstrated that certain Geobacter species are capable of using the cathode as the 
electron donor with nitrate as the electron acceptor.  This was possible by inoculating the 
cathode chamber with bacteria from sediment samples.  Tests performed by Gregory et 
al. were not conducted when other electron donors and acceptors were simultaneously 
available in the cathode reactor.  The current study attempted to transfer electrons directly 
to nitrate without the use of a bacteria inoculate in the cathode reactor.  The continuous 
addition of nitrogen gas through the deoxygenated system should have prevented the 
intrusion of more oxygen into the cathode reactor, leaving nitrate as the only available 
electron acceptor.  The lack of a system response to nitrate addition for the duration of 
the experiment demonstrates that nitrate will not act as a direct electron acceptor in MFC 
cathode chambers (Figure 3-12 through 3-15).  As demonstrated by Gregory et al (2004), 
bacteria can facilitate the reduction of nitrate to nitrite, but the complete reduction to 
nitrogen gas, the end product of denitrification was not observed in their experiments.  
Gregory’s study did not include placing other electron donors and acceptors into 
solution to determine how they would affect the system dynamics.  If the process of using 
the cathode as an electron donor is inefficient, the bacteria in solution will first consume 
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the other forms of organic carbon in solution before utilizing the cathode.  If this method 
were to be used to remove excess nitrogen from fish biosolids, the presence of other 
electron donor and acceptors in solution should be examined to determine how the 
system will react to a complex solution. 
4.2.2. DO Consumption 
There was a detectable relationship between the power output of the system and 
the decrease in DO levels.  The relationship is difficult to determine, because tests with 
high DO levels did not necessarily have the highest power output.  In all samples, there 
was a near linear decline in the power output as the DO levels decreased.  The results for 
DO Test 4 were disregarded due to a connection failure at one cathode.  The average 
decrease in power output was 0.0008 mW/hour.  The average decrease in the DO was 
0.0335 mg/l/hr.  There were sharp spikes in power output as the stir rod on the DO probe 
was energized for readings.  If there is an increasing oxygen concentration in the water 
with greater distance from the electrode, circulating the water would bring a higher 
concentration of oxygen to the cathode surface, increasing the power output.  It is 
possible that the oxygen uptake at the cathode was limited by the kinetics of the oxygen 
diffusion through the water.  DO Test 1 had continuous mixing of the cathode reactor for 
the first 4.3 hr of the test. During this time frame, there is a rise in the power output of the 
system Figure (3-8).  This is likely due to the constant circulation of fresh oxygen over 
the cathode.  The rate of oxygen removal for DO test 1 was 3.0 times greater than in DO 
Test 2 and 2.1 times greater than in Test 3, both of which were mixed only at the time of 
DO readings.  If the system is not mixed, the power output would be limited by the 
diffusion rate of oxygen through water.  With the current system design, the power output 
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would not reach zero.  Overlying air had contact with the water surface, so even if the 
oxygen in the water was removed, the power output would be driven by the diffusion of 
oxygen into the system. 
Studies by Oh et al. (2004) demonstrated that power generation was a function of 
DO in steady-state and non-steady conditions.  They demonstrated that both power output 
and DO concentration decrease exponentially over time.  Unlike the current study, the 
tests conducted by Oh et al. were capable of decreasing the power and DO levels to near 
zero by having a smaller sealed reactor.  It is unknown if similar results would have 
resulted from a longer time frame for the tests in this study.  Further tests in DO 
consumption should include a sealed cathode reactor with continuous stirring to more 
accurately measure oxygen consumption rates. 
4.2.3. Fish Biosolids LOI 
The LOI analysis for the fish biosolids resulted in a 12.5% reduction in volatile 
carbon over a 200 day period.  There was a 19.1% decrease in the average percent wet 
weight of the samples over the same period due to solids settling in the reactor (Table B-
2). This demonstrates that bacteria in the fish biosolids were actively removing organic 
carbon from the system.  There was no control for the fish biosolids to determine whether 
the MFC increased organic carbon removal. Future studies using fish biosolids that focus 
on organic carbon removal should maintain controls and more precise analysis methods 
to detail the effectiveness of a MFC on carbon oxidation.   
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5. PROPOSED FUTURE WORK 
5.1. Proposed Future Work with the Marne Sediment MFC  
5.1.1.  MFC for Power Production 
Future work for the sediment MFC should focus primarily on power generation.  
The design of the fuel cell itself should lend more toward efficiency.  Corrosion resistant 
materials should be used for all wiring connections in order to prevent the irregular power 
outputs associated with corrosion of the copper wires.  Catalysts such as platinum, ferric 
iron, manganese, and CoTMPP should be incorporated into the electrodes to enhance 
electron transfer (Cheng et al., 2006; Rhoads et al., 2005; Oh et al., 2004; and Park and 
Zeikus, 2001). Several replicates should be used, as well as varying electrode catalyst 
configurations to determine which is the most efficient and cost effective configuration 
for marine sediment MFCs.  All electrodes should be acid washed to eliminate unwanted 
electron acceptors. 
The reactor design in future tests should more closely reflect environmental 
conditions.  The reactor should be designed as a flow through system that consistently 
circulates water through the reactor to simulate tidal conditions.  The depth of the anode 
in the sediment should be increased to ensure flux of oxygen to the anode, with the 
addition of a constant flow of oxygenated overlying water.  All processing of sediment 
should be completed in an anaerobic environment to limit the negative effects of oxygen 
on obligate and facultative anaerobes.  
The actual size of the MFC should be smaller than the ones used in this study in 
order to allow for more replicates of each configuration.  The electrodes should be acid 
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washed prior to use to remove and impurities incorporated during the manufacturing 
process.  When efficiencies of small scale MFCs are determined, full scale models can be 
developed for field testing. 
5.1.2. MFC for Diesel Fuel Remediation 
Further research with using MFCs for remediation of hydrocarbons in sediment 
will focus on more direct microorganism experiments.  Bacteria inoculates collected from 
sediment will be grown with anaerobic media with multiple various solid phase electron 
acceptors with hydrocarbons as the only electron donors.  The bacteria from the media 
will be used to inoculate a small anaerobic two chamber fuel cell.  The only electron 
donor in the fuel cell will be selected hydrocarbons and the only electron acceptor will be 
the MFC anode.  Using this approach, bacteria capable of oxidizing hydrocarbons in a 
MFC environment can be isolated, identified, and characterized. 
5.2. Proposed Future Work with the Fish Biosolids MFC 
5.2.1. Organic Carbon Removal 
Fish biosolids produced a stable power output through the oxidation of organic 
carbon for an extended period of time.  Further research will focus cost effective means 
of maximizing organic carbon removal from the aquaculture waste streams.  This 
research should utilize single chambered MFC reactors with passive air flow over the 
cathode.  The electrodes should incorporate a non-corrosive wiring system; electrode 
catalysts such as platinum, iron or manganese and; electrode coatings such as Nafion, 
CoTMPP, or PTFE to improve efficiency.  The system will be designed as a flow through 
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system to measure substrate influent and effluent concentrations. The system could be 
operated as a septic system, treating the settled solids with a MFC.  
5.2.2. Nitrate removal 
Denitrification will focus on using an anaerobic cathode reactor to remove nitrate 
from bulk solution.  A solution containing nitrate as the only electron acceptor will be 
inoculated with a small sample of fish biosolids to stimulate growth of bacteria found in 
the fish biosolids that are capable of using nitrate as an electron acceptor. This solution 
will be cycled through the cathode chamber.  The cathode will be supplied with a low 
power input, which will serve as the only electron donor in the system.  If there is a 
measurable decrease in nitrate, further research will investigate a two stage MFC 
remediation process.
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6. CONCLUSIONS  
Sediment type MFCs are not suitable for remediation of diesel fuel from marine 
sediment at this time.  The bacteria responsible for power output did not contribute to 
alkane oxidation in the surrounding sediment within 115 days. A longer time frame may 
be necessary to achieve alkane oxidation.  Sediment type fuel cells show potential for low 
power generation from marine contaminated and uncontaminated sediment. 
Steady power output was produced using fish biosolids as an organic carbon 
source in a two chamber batch reactor MFC.  Nitrate was not a suitable electron acceptor 
for an abiotic reaction with the cathode.  The concentration of dissolved oxygen in the 
cathode reactor directly affects the power production of the system.  The cathode:anode 
surface area ratio is correlated for the range studied here.  MFCs show promise as a 
method to recover energy from aquaculture due to the high concentrations of organic 
matter in fish biosolids. 
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Appendix A: DRO Degradation 
Table A-1: Response areas for the five samples of each dilution for the diesel fuel 
standard.  The average response area for each alkane was used to adjust the analysis 
method 5890C in Chemstation as detailed in section 2.2.4.3. 
 
0.001A g/ml 0.001B g/ml 0.001C g/ml 0.001D g/ml 0.001E g/ml
Androstane 7894277 3722792 7285697 6192732 7098767
Decane 324452 346989 326377 307879 340798
Dodecane 536334 574257 570243 508623 594541
Tetradecane 329534 355270 358775 320112 353231
Hexadecane 269923 288402 786602 260451 285291
Octadecane 241636 266977 259299 237057 259635
Eicosane 221797 241095 233275 218311 246690
Docosane 148156 150150 152864 147667 157635
Tetracosane 84282 77140 87015 78195 86023
Hexacosane 24954 763695 79119 77890 42009
0.01A g/ml 0.01B g/ml 0.01C g/ml 0.01D g/ml 0.01E g/ml
Androstane 17033131 5738899 8181781 7125551 10728730
Decane 2835761 2347049 2448971 2279124 2700544
Dodecane 8449482 8121511 7930526 7749421 8200791
Tetradecane 5390987 5346796 5444077 5378937 5511607
Hexadecane 4256722 3298390 3379993 3370519 4275264
Octadecane 3206930 3060466 3105147 3079105 3174914
Eicosane 2911870 2708100 2806524 2730011 2893969
Docosane 1940653 1764975 1900272 1771699 1886382
Tetracosane 897435 788265 1000190 798481 867990
Hexacosane 145491 126354 153045 130060 131698
0.1A g/ml 0.1B g/ml 0.1C g/ml 0.1D g/ml 0.1E g/ml
Androstane 8205965 8989972 7746849 12886378 7686038
Decane 56411519 54902138 57562527 54342892 57551146
Dodecane 121837066 126296414 132489451 125681353 141284127
Tetradecane 57879135 52071078 57699296 55462628 65905136
Hexadecane 45864169 49172268 51190471 47118431 45765317
Octadecane 41353158 44435243 47230034 43202578 39609517
Eicosane 33966591 35306623 34903521 34697089 35104573
Docosane 20237164 21039092 21682987 21078695 21321456
Tetracosane 13630848 13169619 13768138 12914799 13089912
Hexacosane 1191233 1554262 1688059 1869584 1421728  
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Table A-2: Corrected alkane concentration for the five 0.01g/ml dilution of the diesel fuel 
standard.  The average concentration for each alkane was used to adjust the analysis 
method 5890C in Chemstation as detailed in section 2.2.4.3. 
 
Sample B
Androstane 17033131 5738899
Meth Cl 3709081797 3321551645
Total Area 4446707377 3996058309
Corrected area 720592449 668767765
Total Concentratio 10148 mg/l DF 10148 mg/l DF
Compound Peak Area
% Corrected 
Area Concentration Peak Area
% Corrected 
Area Concentration
Decane 2835761 0.3935 39.9356 2347049 0.3510 35.6145
dodecane 8449482 1.1726 118.9928 8121511 1.2144 123.2372
tetradecane 5390987 0.7481 75.9205 5346796 0.7995 81.1332
hexadecane 4256722 0.5907 59.9468 3298390 0.4932 50.0504
octadecane 3206930 0.4450 45.1627 3060466 0.4576 46.4401
eicosane 2911870 0.4041 41.0074 2708100 0.4049 41.0932
docosane 1940653 0.2693 27.3299 1764975 0.2639 26.7820
tetracosane 897435 0.1245 12.6384 788265 0.1179 11.9613
hexacosane 145491 0.0202 2.0489 126354 0.0189 1.9173
Sample D
Androstane 8181781 7125551
Meth Cl 3530599771 3542723732
Total Area 4245564823 4259814763
Corrected area 706783271 709965480
Total Concentratio 10148 mg/l DF 10148 mg/l DF
Compound Peak Area
% Corrected 
Area Concentration Peak Area
% Corrected 
Area Concentration
Decane 2448971 0.3465 35.1623 2279124 0.3210 32.5770
dodecane 7930526 1.1221 113.8666 7749421 1.0915 110.7675
tetradecane 5444077 0.7703 78.1661 5378937 0.7576 76.8847
hexadecane 3379993 0.4782 48.5300 3370519 0.4747 48.1770
octadecane 3105147 0.4393 44.5837 3079105 0.4337 44.0117
eicosane 2806524 0.3971 40.2961 2730011 0.3845 39.0218
docosane 1900272 0.2689 27.2841 1771699 0.2495 25.3241
tetracosane 1000190 0.1415 14.3607 798481 0.1125 11.4132
hexacosane 153045 0.0217 2.1974 130060 0.0183 1.8590
Androstane 10728730
Meth Cl 3936646315
Total Area 4666265802
Corrected area 718890757
Total Concentratio 10148 mg/l DF
Compound Peak Area
% Corrected 
Area Concentration
Decane 2700544 0.3757 38.1214
dodecane 8200791 1.1408 115.7639
tetradecane 5511607 0.7667 77.8029
hexadecane 4275264 0.5947 60.3504
octadecane 3174914 0.4416 44.8177
eicosane 2893969 0.4026 40.8518
docosane 1886382 0.2624 26.6285
tetracosane 867990 0.1207 12.2527
hexacosane 131698 0.0183 1.8591
Sample A
Sample C
Sample E
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Table A-3: C-17/Pristane and C-18/Phytane sample heights.  Average heights used to 
calculate ratios for Tables 3-2 through 3-4. 
 
Date RT Height RT Height RT Height RT Height
10-Oct-05 40.07 5921 40.2 3941 42.49 5559 42.73 3436
10-Oct-05 40.07 3894 40.2 2596 42.49 3570 42.72 2170
10-Oct-05 40.06 4675 40.19 3136 42.48 4723 42.72 2957
10-Oct-05 40.06 3783 40.19 2477 42.48 3681 42.72 2259
10-Oct-05 40.06 3608 40.19 2659 42.48 3201 42.72 2105
10-Oct-05 40.05 2007 40.18 1314 42.47 2018 42.71 1250
8-Feb-06 39.92 3951 40.05 3359 42.33 3566 42.57 2866
8-Feb-06 39.91 3029 40.04 2600 42.32 2537 42.57 2087
8-Feb-06 39.91 2154 40.05 2055 42.33 1951 42.57 1731
8-Feb-06 39.91 1262 40.05 1608 42.32 1146 42.57 1373
8-Feb-06 39.91 476 40.04 630 42.33 527 42.56 575
8-Feb-06 39.91 2651 40.05 2257 42.32 2344 42.56 1892
Date RT Height RT Height RT Height RT Height
10-Oct-05 40.03 3375 40.17 2332 42.45 3191 42.69 2018
10-Oct-05 40.03 3194 40.16 2123 42.45 3094 42.69 1927
10-Oct-05 40.04 4579 40.17 3190 42.46 4285 42.69 2794
10-Oct-05 40.04 3721 40.17 2563 42.46 3698 42.69 2292
10-Oct-05 40.04 2618 40.17 1721 42.46 2640 42.70 1717
10-Oct-05 40.05 4619 40.18 3016 42.46 4369 42.70 2710
8-Feb-06 39.91 1788 40.04 1658 42.32 1596 42.56 1408
8-Feb-06 39.91 1097 40.04 1004 42.32 1022 42.56 894
8-Feb-06 39.91 2062 40.04 1972 42.32 1820 42.56 1622
8-Feb-06 39.9 983 40.04 1038 42.32 837 42.56 832
Date RT Height RT Height RT Height RT Height
10-Oct-05 40.04 3840 40.17 2553 42.46 3597 42.70 2226
10-Oct-05 40.04 3136 40.17 2111 42.46 3033 42.70 1869
10-Oct-05 40.04 4124 40.17 2807 42.46 3882 42.70 2378
10-Oct-05 40.04 6518 40.17 4257 42.46 5908 42.70 3691
10-Oct-05 40.03 4564 40.16 3090 42.45 4218 42.68 2667
10-Oct-05 40.03 5221 40.16 3460 42.44 4902 42.68 3016
25-Jan-06 39.89 1747 40.02 1545 42.3 1730 42.54 1505
25-Jan-06 39.89 2045 40.02 1829 42.3 1824 42.54 1512
25-Jan-06 39.89 2223 40.02 1744 42.3 2031 42.54 1534
25-Jan-06 39.89 2578 40.02 1901 42.3 2273 42.54 1548
Open Circuit Contaminated, Abiotic
Open Circuit Contaminated
Heptadecane (C-17) Pristane Octadecane (C-18) Pristane
Closed Circuit Contaminated
Heptadecane (C-17) Pristane Octadecane (C-18) Pristane
Heptadecane (C-17) Pristane Octadecane (C-18) Pristane
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Table A-4a: Sample weights for MFC sediment samples drawn on 10 Oct 2005. 
 
10-Oct-05
Tank # Jar # Jar Wt (g)
Sample + 
Jar Wt (g)
Sample 
Wt (g)
Sample, Jar + 
NaSO4 Wt (g)
NaSO4 
Wt (g)
1 1 87.53 90.82 3.29 120.66 29.84
1 2 87.15 89.97 2.82 125.98 36.01
1 3 86.96 90.02 3.06 125.13 35.11
2 4 87.24 89.88 2.64 124.54 34.66
2 5 86.42 90.24 3.82 130.26 40.02
2 6 87.03 88.78 1.75 115.64 26.86
3 7 87.85 90.32 2.47 117.50 27.18
3 8 87.12 90.37 3.25 132.44 42.07
3 9 87.13 90.70 3.57 124.53 33.83
4 10 87.24 89.78 2.54 124.13 34.35
4 11 87.81 91.01 3.20 129.51 38.50
4 12 87.93 90.74 2.81 129.43 38.69
5 13 121.40 124.12 2.72 169.70 45.58
5 14 121.63 125.03 3.40 180.91 55.88
5 15 120.83 123.53 2.70 165.81 42.28
6 16 129.61 132.37 2.76 182.71 50.34
6 17 129.45 132.33 2.88 175.83 43.50
6 18 130.01 133.57 3.56 182.78 49.21
7 19 130.00 133.34 3.34 195.57 62.23
7 20 129.40 132.05 2.65 176.31 44.26
7 21 129.36 131.87 2.51 176.32 44.45
8 22 121.33 123.94 2.61 170.18 46.24
8 23 120.77 122.94 2.17 168.71 45.77
8 28 121.23 123.46 2.23 189.36 65.90
9 25 130.33 133.91 3.58 176.34 42.43
9 29 131.23 134.06 2.83 176.86 42.80
9 27 129.71 132.31 2.60 168.28 35.97
Average 2.88 42.00
Standard D 0.49 9.36  
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Table A-4b: Sample weights for MFC sediment samples drawn on 17 Oct 2005. 
 
17-Oct-05
Tank # Jar # Jar Wt (g)
Sample + 
Jar Wt (g)
Sample 
Wt (g)
Sample, Jar + 
NaSO4 Wt (g)
NaSO4 
Wt (g)
1-2 1 87.65 89.95 2.30 124.76 34.81
1-5 2 87.18 89.88 2.70 130.43 40.55
2-2 3 87.02 89.38 2.36 130.58 41.20
2-5 4 87.30 89.54 2.24 131.81 42.27
3-2 5 86.46 88.79 2.33 132.40 43.61
3-5 6 87.05 89.43 2.38 133.46 44.03
4-2 7 87.87 90.14 2.27 134.44 44.30
4-5 8 87.17 89.37 2.20 137.33 47.96
5-2 9 87.20 89.58 2.38 133.76 44.18
5-5 10 87.27 88.89 1.62 131.85 42.96
6-2 11 87.74 89.99 2.25 136.85 46.86
6-5 12 88.06 89.95 1.89 136.10 46.15
7-2 13 121.42 124.13 2.71 173.51 49.38
7-5 14 121.65 123.63 1.98 173.66 50.03
8-2 15 120.87 123.76 2.89 166.65 42.89
8-5 16 129.86 131.89 2.03 166.65 34.76
9-2 17 129.52 131.80 2.28 179.48 47.68
9-2 18 129.34 131.28 1.94 195.51 64.23
Average 2.26 Average 44.88
St Dv 0.31 St Dv 6.41  
Table A-4c: Sample weights for MFC sediment samples drawn on 24 Oct 2005. 
 
24-Oct-05
Tank # Jar # Jar Wt (g)
Sample + 
Jar Wt (g)
Sample 
Wt (g)
Sample, Jar + 
NaSO4 Wt (g)
NaSO4 
Wt (g)
1-2 1 87.35 90.43 3.08 138.56 48.13
1-5 2 87.21 90.39 3.18 138.42 48.03
2-2 3 87.05 89.33 2.28 130.21 40.88
2-5 4 87.31 89.54 2.23 134.28 44.74
3-2 5 86.63 89.24 2.61 134.25 45.01
3-5 6 87.16 90.36 3.20 141.56 51.20
4-2 7 87.90 90.51 2.61 140.23 49.72
4-5 8 87.51 89.98 2.47 137.02 47.04
5-2 9 87.32 89.70 2.38 134.79 45.09
5-5 10 87.38 90.41 3.03 139.92 49.51
6-2 11 87.78 89.79 2.01 143.93 54.14
6-5 12 88.05 90.64 2.59 140.49 49.85
7-2 13 121.39 123.56 2.17 175.19 51.63
7-5 14 121.57 123.37 1.80 173.59 50.22
8-2 15 120.96 124.03 3.07 176.63 52.60
8-5 16 129.50 131.96 2.46 181.99 50.03
9-2 17 130.01 132.48 2.47 178.83 46.35
9-2 18 129.35 131.50 2.15 182.78 51.28
Average 2.54 Average 48.64
St Dv 0.42 St Dv 3.31
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Table A-4d: Sample weights for samples MFC sediment drawn on 07 Nov 2005. 
 
7-Nov-05
Tank # Jar # Jar Wt (g)
Sample + 
Jar Wt (g)
Sample 
Wt (g)
Sample, Jar + 
NaSO4 Wt (g)
NaSO4 
Wt (g)
1-2 1 87.05 89.67 2.62 126.2 36.53
1-5 2 87.02 90.18 3.16 124.91 34.73
2-2 3 86.73 89.67 2.94 129.83 40.16
2-5 4 87.17 90.81 3.64 134.87 44.06
3-2 5 86.34 88.79 2.45 118.59 29.8
3-5 6 86.83 89.55 2.72 124.44 34.89
4-2 7 87.69 90.44 2.75 126.67 36.23
4-5 8 87.33 90.24 2.91 129.57 39.33
5-2 9 86.92 89.23 2.31 128.31 39.08
5-5 10 87.27 90.04 2.77 128.22 38.18
6-2 11 87.53 91.03 3.5 131 39.97
6-5 12 87.87 91.47 3.6 129.32 37.85
7-2 13 121.03 123.62 2.59 166.97 43.35
7-5 14 121.27 124.04 2.77 170.31 46.27
8-2 15 120.84 123.07 2.23 168.92 45.85
8-5 16 129.67 132.23 2.56 172.38 40.15
9-2 17 129.1 131.62 2.52 171.53 39.91
9-2 18 129.28 132.02 2.74 172.88 40.86
Average 2.82 Average 39.29
St Dv 0.41 St Dv 4.10  
Table A-4e: Sample weights for samples MFC sediment drawn on 28 Nov 2005. 
 
28-Nov-05
Tank # Jar # Jar Wt (g)
Sample + 
Jar Wt (g)
Sample 
Wt (g)
Sample, Jar + 
NaSO4 Wt (g)
NaSO4 
Wt (g)
1-2 1 87.41 90.67 3.26 118.34 27.67
1-5 2 86.96 90.20 3.24 115.30 25.10
2-2 3 86.73 88.87 2.14 110.11 21.24
2-5 4 87.17 89.56 2.39 109.11 19.55
3-2 5 86.34 90.38 4.04 114.07 23.69
3-5 6 86.82 90.51 3.69 110.23 19.72
4-2 7 87.68 90.47 2.79 115.38 24.91
4-5 8 87.32 91.11 3.79 114.68 23.57
5-2 9 86.88 90.89 4.01 112.40 21.51
5-5 10 87.54 92.31 4.77 117.62 25.31
6-2 11 87.52 89.78 2.26 115.54 25.76
6-5 12 87.85 90.32 2.47 110.16 19.84
7-2 13 121.02 124.18 3.16 145.76 21.58
7-5 14 121.25 125.08 3.83 153.30 28.22
8-2 15 120.81 123.41 2.60 148.17 24.76
8-5 16 129.29 131.68 2.39 156.30 24.62
9-2 17 129.72 132.37 2.65 152.41 20.04
9-2 18 129.02 132.41 3.39 161.90 29.49
Average 3.16 Average 23.70
St Dv 0.75 St Dv 3.05
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Table A-4f: Sample weights for samples MFC sediment drawn on 23 Jan 2006. 
 
23-Jan-06
Tank # Jar # Jar Wt (g)
Sample + 
Jar Wt (g)
Sample 
Wt (g)
Sample, Jar + 
NaSO4 Wt (g)
NaSO4 
Wt (g)
3-2 1 87.07 90.05 2.98 121.53 31.48
3-5 2 86.98 89.71 2.73 119.35 29.64
4-2 5 86.36 88.71 2.35 115.74 27.03
4-5 6 86.86 88.90 2.04 117.74 28.84
5-2 7 87.70 89.61 1.91 120.62 31.01
5-5 8 87.33 88.92 1.59 120.17 31.25
6-2 11 87.55 89.76 2.21 119.37 29.61
6-5 12 87.94 90.58 2.64 126.34 35.76
7-2 13 120.05 122.77 2.72 153.77 31.00
7-5 14 121.28 123.96 2.68 157.70 33.74
8-2 15 120.88 123.49 2.61 153.37 29.88
8-5 16 129.34 131.65 2.31 158.52 26.87
9-2 17 129.76 131.88 2.12 158.01 26.13
9-2 18 129.06 131.81 2.75 158.13 26.32
Average 2.40 Average 29.90
St Dv 0.39 St Dv 2.80  
Table A-4g: Sample weights for samples MFC sediment drawn on 23 Jan 2006. 
 
8-Feb-06
Tank # Jar # Jar Wt (g)
Sample + 
Jar Wt (g)
Sample 
Wt (g)
Sample, Jar + 
NaSO4 Wt (g)
NaSO4 
Wt (g)
1-2 11 87.55 89.64 2.09 118.81 29.17
1-5 2 87.71 90.35 2.64 120.55 30.20
2-2 6 86.86 89.17 2.31 116.62 27.45
2-5 7 87.27 90.05 2.78 122.25 32.20
6-2 12 87.88 90.68 2.80 118.30 27.62
6-5 8 87.35 89.59 2.24 121.09 31.50
7-2 13 121.05 124.01 2.96 155.15 31.14
7-5 14 121.28 124.21 2.93 156.40 32.19
1-0 5 86.39 90.09 3.70 119.66 29.57
2-0 1 86.76 90.05 3.29 119.09 29.04
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
Average 2.77 Average 30.01
St Dv 0.49 St Dv 1.74  
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Table A-5a: Alkane concentrations extracted from sediment samples taken from closed 
circuit MFC Reactor 1.  Top table is uncorrected for sediment sample size and dilution 
during processing.  Bottom table is corrected for sediment sample size and dilution 
during processing. 
 
Tank1
10-Oct-05
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
Sample 1 0.002 21.755 52.475 12.2 14.872 16.648 11.668 5.823 5.499 0 119.185
Sample 2 0.002 21.661 51.196 10.248 13.853 15.568 10.534 4.978 5.113 0 111.490
Sample 3 0.002 21.641 51.555 10.681 14.098 15.939 12.72 5.323 5.267 0 115.583
Sample 4 0.002 21.614 51.197 12.497 13.775 15.537 10.391 4.884 5.22 0 113.501
Sample 5 0.002 21.686 51.668 10.649 13.818 15.347 10.081 4.763 5.034 0 111.360
Sample 6 0.002 21.394 49.441 8.179 12.728 14.397 9.287 4.092 5.141 0 103.265
Average 0.002 21.625 51.255 10.742 13.857 15.573 10.780 4.977 5.212 0 112.397
Standard Dev 0.000 0.123 1.005 1.551 0.689 0.738 1.223 0.578 0.162 0 5.343
% RSD 0.000 0.569 1.960 14.440 4.970 4.741 11.347 11.622 3.117 #DIV/0! 4.754
2 CM
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 21.625 51.255 10.742 13.857 15.573 10.780 4.977 5.212 0.000 112.397
17-Oct-05 0.002 22.071 50.486 9.588 13.377 15.054 9.909 4.409 5.701 0.000 108.524
24-Oct-05 0.002 23.189 55.645 16.053 17.515 18.554 13.579 8.224 6.188 0.000 135.758
6-Nov-05 0.002 21.440 50.559 9.996 13.725 15.303 10.188 4.595 5.148 0.000 109.514
28-Nov-05 0.002 23.816 56.862 18.341 18.877 20.339 14.475 7.642 5.799 0.000 142.335
8-Feb-06 0.002 21.143 50.996 10.125 13.633 14.888 9.976 7.000 7.308 0.394 113.926
5 CM
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 21.625 51.255 10.742 13.857 15.573 10.780 4.977 5.212 0.000 112.397
17-Oct-05 0.002 22.068 51.341 10.487 13.886 15.460 10.269 7.720 5.294 0.000 114.457
24-Oct-05 0.002 22.671 55.787 16.699 17.402 18.711 13.442 7.075 6.266 0.000 135.382
6-Nov-05 0.002 21.700 51.718 11.741 14.797 16.320 11.157 5.287 5.269 0.000 116.289
28-Nov-05 0.002 22.198 52.549 12.890 15.198 16.676 11.721 5.881 5.214 0.000 120.129
8-Feb-06 0.002 21.897 51.426 10.722 14.008 15.621 10.152 8.380 7.541 0.000 117.850
Measured Data
 
38635
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
Sample 1 0.002 0.210 0.506 0.118 0.143 0.160 0.112 0.056 0.053 0.000 1.149
Sample 2 0.002 0.244 0.576 0.115 0.156 0.175 0.118 0.056 0.058 0.000 1.254
Sample 3 0.002 0.224 0.534 0.111 0.146 0.165 0.132 0.055 0.055 0.000 1.198
Sample 4 0.002 0.260 0.615 0.150 0.165 0.187 0.125 0.059 0.063 0.000 1.363
Sample 5 0.002 0.180 0.429 0.088 0.115 0.127 0.084 0.040 0.042 0.000 0.925
Sample 6 0.002 0.388 0.896 0.148 0.231 0.261 0.168 0.074 0.093 0.000 1.871
Average 0.002 0.251 0.593 0.122 0.159 0.179 0.123 0.057 0.060 0.000 1.293
Standard Dev 0 0.072 0.162 0.024 0.039 0.045 0.028 0.011 0.017 0.000 0.318
% RSD 0 28.899 27.264 19.439 24.399 24.915 22.393 19.450 28.857 #DIV/0! 23.817
2 CM From Anode
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 0.251 0.593 0.122 0.159 0.179 0.123 0.057 0.060 0.000 1.293
17-Oct-05 0.002 0.304 0.696 0.132 0.184 0.208 0.137 0.061 0.079 0.000 1.496
24-Oct-05 0.002 0.239 0.573 0.165 0.180 0.191 0.140 0.085 0.064 0.000 1.398
06-Nov-05 0.002 0.260 0.612 0.121 0.166 0.185 0.123 0.056 0.062 0.000 1.326
28-Nov-05 0.002 0.232 0.553 0.178 0.184 0.198 0.141 0.074 0.056 0.000 1.385
08-Feb-06 0.002 0.321 0.774 0.154 0.207 0.226 0.151 0.106 0.111 0.006 1.729
5 CM From Anode
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 0.251 0.593 0.122 0.159 0.179 0.123 0.057 0.060 0.000 1.293
17-Oct-05 0.002 0.259 0.603 0.123 0.163 0.182 0.121 0.091 0.062 0.000 1.344
24-Oct-05 0.002 0.226 0.556 0.167 0.174 0.187 0.134 0.071 0.062 0.000 1.350
6-Nov-05 0.002 0.218 0.519 0.118 0.149 0.164 0.112 0.053 0.053 0.000 1.167
28-Nov-05 0.002 0.217 0.514 0.126 0.149 0.163 0.115 0.058 0.051 0.000 1.176
8-Feb-06 0.002 0.263 0.618 0.129 0.168 0.188 0.122 0.101 0.091 0.000 1.416
Corrected Data
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Table A-5b: Alkane concentrations extracted from sediment samples taken from closed 
circuit MFC Reactor 2.  Top table is uncorrected for sediment sample size and dilution 
during processing.  Bottom table is corrected for sediment sample size and dilution 
during processing. 
 
Tank 2
10-Oct-05
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
Sample 1 0.002 21.755 52.475 12.2 14.872 16.648 11.668 5.823 5.499 0 119.185
Sample 2 0.002 21.661 51.196 10.248 13.853 15.568 10.534 4.978 5.113 0 111.490
Sample 3 0.002 21.641 51.555 10.681 14.098 15.939 12.72 5.323 5.267 0 115.583
Sample 4 0.002 21.614 51.197 12.497 13.775 15.537 10.391 4.884 5.22 0 113.501
Sample 5 0.002 21.686 51.668 10.649 13.818 15.347 10.081 4.763 5.034 0 111.360
Sample 6 0.002 21.394 49.441 8.179 12.728 14.397 9.287 4.092 5.141 0 103.265
Average 0.002 21.625 51.255 10.742 13.857 15.573 10.780 4.977 5.212 0 112.397
Standard De 0.000 0.123 1.005 1.551 0.689 0.738 1.223 0.578 0.162 0 5.343
% RSD 0.000 0.569 1.960 14.440 4.970 4.741 11.347 11.622 3.117 #DIV/0! 4.754
2 CM
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 21.625 51.255 10.742 13.857 15.573 10.780 4.977 5.212 0.000 112.397
17-Oct-05 0.002 21.508 50.519 9.464 13.168 14.776 9.892 4.704 5.043 0.000 107.566
24-Oct-05 0.002 22.053 49.287 8.009 12.440 14.123 8.848 3.759 5.090 0.000 101.556
6-Nov-05 0.002 21.166 48.806 7.451 12.310 13.976 8.822 3.785 5.041 0.000 100.191
28-Nov-05 0.002 21.696 50.368 9.261 13.276 14.923 9.598 4.190 5.053 0.000 106.669
8-Feb-06 0.002 21.093 48.583 7.373 11.983 13.733 8.683 3.638 5.425 0.000 99.418
5 CM
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 21.625 51.255 10.742 13.857 15.573 10.780 4.977 5.212 0.000 112.397
17-Oct-05 0.002 21.626 51.106 8.789 12.572 14.359 11.530 3.793 4.967 0.000 107.116
24-Oct-05 0.002 22.142 52.556 12.460 15.218 16.664 11.797 5.492 5.181 0.000 119.368
6-Nov-05 0.002 21.662 51.601 11.192 14.523 15.972 10.817 5.558 5.191 0.000 114.854
28-Nov-05 0.002 21.866 50.320 9.771 13.553 15.151 9.821 4.362 4.797 0.000 107.775
8-Feb-06 0.002 21.626 51.133 10.549 13.772 14.885 10.440 4.898 6.405 0.000 112.082
Measured Data
 
10-Oct-05
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
Sample 1 0.002 0.210 0.506 0.118 0.143 0.160 0.112 0.056 0.053 0.000 1.149
Sample 2 0.002 0.244 0.576 0.115 0.156 0.175 0.118 0.056 0.058 0.000 1.254
Sample 3 0.002 0.224 0.534 0.111 0.146 0.165 0.132 0.055 0.055 0.000 1.198
Sample 4 0.002 0.260 0.615 0.150 0.165 0.187 0.125 0.059 0.063 0.000 1.363
Sample 5 0.002 0.180 0.429 0.088 0.115 0.127 0.084 0.040 0.042 0.000 0.925
Sample 6 0.002 0.388 0.896 0.148 0.231 0.261 0.168 0.074 0.093 0.000 1.871
Average 0.002 0.251 0.593 0.122 0.159 0.179 0.123 0.057 0.060 0.000 1.293
Standard Dev 0.000 0.072 0.162 0.024 0.039 0.045 0.028 0.011 0.017 0.000 0.318
% RSD 0.000 28.899 27.264 19.439 24.399 24.915 22.393 19.450 28.857 #DIV/0! 24.612
2 CM From Anode
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 0.251 0.593 0.122 0.159 0.179 0.123 0.057 0.060 0.000 1.293
17-Oct-05 0.002 0.289 0.679 0.127 0.177 0.199 0.133 0.063 0.068 0.000 1.445
24-Oct-05 0.002 0.307 0.686 0.111 0.173 0.196 0.123 0.052 0.071 0.000 1.413
06-Nov-05 0.002 0.228 0.526 0.080 0.133 0.151 0.095 0.041 0.054 0.000 1.081
28-Nov-05 0.002 0.322 0.746 0.137 0.197 0.221 0.142 0.062 0.075 0.000 1.581
08-Feb-06 0.002 0.290 0.667 0.101 0.165 0.189 0.119 0.050 0.074 0.000 1.365
5 CM From Anode
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 0.251 0.593 0.122 0.159 0.179 0.123 0.057 0.060 0.000 1.293
17-Oct-05 0.002 0.306 0.724 0.124 0.178 0.203 0.163 0.054 0.070 0.000 1.517
24-Oct-05 0.002 0.315 0.747 0.177 0.216 0.237 0.168 0.078 0.074 0.000 1.698
6-Nov-05 0.002 0.189 0.450 0.098 0.127 0.139 0.094 0.048 0.045 0.000 1.001
28-Nov-05 0.002 0.290 0.668 0.130 0.180 0.201 0.130 0.058 0.064 0.000 1.430
8-Feb-06 0.002 0.247 0.583 0.120 0.157 0.170 0.119 0.056 0.073 0.000 1.279
Corrected Data
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Table A-5c: Alkane concentrations extracted from sediment samples taken from open 
circuit MFC Reactor 6.  Top table is uncorrected for sediment sample size and dilution 
during processing.  Bottom table is corrected for sediment sample size and dilution 
during processing. 
 
Tank 6
10-Oct-05
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
Sample 16 0.002 21.549 51.08 10.272 13.809 15.666 10.565 5.081 5.293 0 111.766
Sample 17 0.002 21.615 50.866 10.003 13.538 15.2 10.52 5.054 5.236 0 110.417
Sample 18 0.002 21.547 51.942 11.75 14.758 16.439 11.014 5.261 5.234 0 116.398
Sample 19 0.002 21.878 50.769 10.521 14.076 15.784 10.725 5.299 5.432 0 112.606
Sample 20 0.002 21.378 50.064 9.018 13.112 14.907 9.844 4.578 4.94 0 106.463
Sample 21 0.002 22.376 53.859 13.692 15.748 17.35 12.157 6.708 5.781 0 125.295
Average 0.002 21.724 51.430 10.876 14.174 15.891 10.804 5.330 5.319 0 113.824
Standard De 0.000 0.358 1.335 1.637 0.948 0.887 0.767 0.722 0.277 0 6.476
% RSD 0.000 1.650 2.595 15.052 6.689 5.584 7.098 13.550 5.214 #DIV/0! 5.690
2 CM
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 21.724 51.430 10.876 14.174 15.891 10.804 5.330 5.319 0.000 113.824
17-Oct-05 0.002 22.384 49.838 8.829 12.917 14.759 9.439 4.208 5.492 0.000 105.482
24-Oct-05 0.002 21.827 49.426 8.246 12.659 14.372 9.202 4.084 5.520 0.000 103.509
6-Nov-05 0.002 21.706 50.766 10.133 13.912 15.589 10.695 5.607 5.193 0.000 111.895
28-Nov-05 0.002 21.820 50.104 9.284 13.396 15.128 9.612 4.305 5.072 0.000 106.901
23-Jan-06 0.002 21.214 49.153 7.601 12.597 14.102 9.001 3.706 4.720 0.000 100.880
8-Feb-06 0.002 20.894 50.311 8.838 12.886 14.436 9.357 4.226 7.265 2.371 107.319
5 CM
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 21.724 51.430 10.876 14.174 15.891 10.804 5.330 5.319 0.000 113.824
17-Oct-05 0.002 21.999 50.282 9.445 13.317 14.991 9.836 4.448 5.495 0.000 107.814
24-Oct-05 0.002 21.947 49.884 8.964 13.191 14.778 9.606 4.503 5.267 0.000 106.193
6-Nov-05 0.002 21.839 51.641 11.583 14.171 15.821 10.727 4.910 5.118 0.000 113.971
28-Nov-05 0.002 21.521 49.809 8.961 13.183 14.905 9.696 4.111 4.924 0.000 105.589
23-Jan-06 0.002 21.399 50.488 9.686 13.669 14.842 9.886 4.380 5.105 0.000 108.056
8-Feb-06 0.002 21.284 49.239 7.517 12.287 13.893 3.851 8.414 0.374 0.000 95.575
Measured Data
 
10-Oct-05
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
Sample 16 0.002 0.248 0.587 0.118 0.159 0.180 0.121 0.058 0.061 0.000 1.284
Sample 17 0.002 0.238 0.560 0.110 0.149 0.167 0.116 0.056 0.058 0.000 1.216
Sample 18 0.002 0.192 0.463 0.105 0.131 0.146 0.098 0.047 0.047 0.000 1.037
Sample 19 0.002 0.208 0.482 0.100 0.134 0.150 0.102 0.050 0.052 0.000 1.069
Sample 20 0.002 0.256 0.599 0.108 0.157 0.178 0.118 0.055 0.059 0.000 1.274
Sample 21 0.002 0.283 0.681 0.173 0.199 0.219 0.154 0.085 0.073 0.000 1.583
Average 0.002 0.237 0.562 0.119 0.155 0.174 0.118 0.058 0.058 0.000 1.244
Standard Dev 0.000 0.033 0.080 0.027 0.024 0.026 0.020 0.014 0.009 0.000 0.196
% RSD 0.000 13.905 14.303 22.833 15.811 15.210 16.680 23.122 15.501 #DIV/0! 15.743
2 CM From Anode
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 0.237 0.562 0.119 0.155 0.174 0.118 0.058 0.058 0.000 1.244
17-Oct-05 0.002 0.316 0.702 0.124 0.182 0.208 0.133 0.059 0.077 0.000 1.487
24-Oct-05 0.002 0.344 0.780 0.130 0.200 0.227 0.145 0.064 0.087 0.000 1.633
6-Nov-05 0.002 0.197 0.460 0.092 0.126 0.141 0.097 0.051 0.047 0.000 1.014
28-Nov-05 0.002 0.306 0.703 0.130 0.188 0.212 0.135 0.060 0.071 0.000 1.500
23-Jan-06 0.002 0.304 0.705 0.109 0.181 0.202 0.129 0.053 0.068 0.000 1.448
8-Feb-06 0.002 0.237 0.570 0.100 0.146 0.164 0.106 0.048 0.082 0.027 1.216
5 CM From Anode
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 0.237 0.562 0.119 0.155 0.174 0.118 0.058 0.058 0.000 1.244
17-Oct-05 0.002 0.369 0.844 0.158 0.223 0.252 0.165 0.075 0.092 0.000 1.809
24-Oct-05 0.002 0.269 0.611 0.110 0.162 0.181 0.118 0.055 0.064 0.000 1.300
6-Nov-05 0.002 0.192 0.455 0.102 0.125 0.139 0.094 0.043 0.045 0.000 1.004
28-Nov-05 0.002 0.276 0.640 0.115 0.169 0.191 0.124 0.053 0.063 0.000 1.356
23-Jan-06 0.002 0.257 0.607 0.116 0.164 0.178 0.119 0.053 0.061 0.000 1.298
8-Feb-06 0.002 0.301 0.697 0.106 0.174 0.197 0.055 0.119 0.005 0.000 1.353
Corrected Data
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Table A-5d: Alkane concentrations extracted from sediment samples taken from open 
circuit MFC Reactor 7.  Top table is uncorrected for sediment sample size and dilution 
during processing.  Bottom table is corrected for sediment sample size and dilution 
during processing. 
 
Tank 7
10-Oct-05
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
Sample 16 0.002 21.549 51.08 10.272 13.809 15.666 10.565 5.081 5.293 0 111.766
Sample 17 0.002 21.615 50.866 10.003 13.538 15.2 10.52 5.054 5.236 0 110.417
Sample 18 0.002 21.547 51.942 11.75 14.758 16.439 11.014 5.261 5.234 0 116.398
Sample 19 0.002 21.878 50.769 10.521 14.076 15.784 10.725 5.299 5.432 0 112.606
Sample 20 0.002 21.378 50.064 9.018 13.112 14.907 9.844 4.578 4.94 0 106.463
Sample 21 0.002 22.376 53.859 13.692 15.748 17.35 12.157 6.708 5.781 0 125.295
Average 0.002 21.724 51.430 10.876 14.174 15.891 10.804 5.330 5.319 0 113.824
Standard De 0.000 0.358 1.335 1.637 0.948 0.887 0.767 0.722 0.277 0 6.476
% RSD 0.000 1.650 2.595 15.052 6.689 5.584 7.098 13.550 5.214 #DIV/0! 5.690
2 CM
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 21.724 51.430 10.876 14.174 15.891 10.804 5.330 5.319 0.000 113.824
17-Oct-05 0.002 22.066 50.465 9.761 13.547 15.110 9.976 4.521 5.440 0.000 108.820
24-Oct-05 0.002 21.694 50.168 9.752 13.442 15.304 10.025 4.506 5.188 0.000 108.385
6-Nov-05 0.002 21.816 50.371 10.275 14.094 15.800 10.680 4.935 5.221 0.000 111.376
28-Nov-05 0.002 21.749 50.245 9.591 13.361 15.016 9.944 4.549 4.939 0.000 107.645
23-Jan-06 0.002 21.395 49.133 7.952 12.541 14.015 8.979 3.777 5.103 0.000 101.500
8-Feb-06 0.002 21.335 50.217 9.266 13.189 14.695 9.686 4.439 6.888 4.138 108.380
5 CM Total (mg/
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L) 0.000
10-Oct-05 0.002 21.724 51.430 10.876 14.174 15.891 10.804 5.330 5.319 0.000 113.824
17-Oct-05 0.002 20.340 47.446 5.726 11.243 13.015 7.894 3.100 4.448 0.000 92.872
24-Oct-05 0.002 21.893 49.737 8.574 12.851 14.408 9.415 4.654 5.124 0.000 104.763
6-Nov-05 0.002 21.394 50.802 10.524 14.178 15.917 10.412 4.977 5.323 0.000 112.133
28-Nov-05 0.002 21.785 51.371 11.075 14.084 15.621 10.643 5.305 4.959 0.000 113.058
23-Jan-06 0.002 21.485 50.011 9.209 13.148 14.429 9.533 4.107 5.086 0.000 105.523
8-Feb-06 0.002 21.390 48.902 7.832 12.247 13.952 8.852 4.834 6.237 0.000 124.246
Measured Data
 
10-Oct-05
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
Sample 16 0.002 0.248 0.587 0.118 0.159 0.180 0.121 0.058 0.061 0.000 1.284
Sample 17 0.002 0.238 0.560 0.110 0.149 0.167 0.116 0.056 0.058 0.000 1.216
Sample 18 0.002 0.192 0.463 0.105 0.131 0.146 0.098 0.047 0.047 0.000 1.037
Sample 19 0.002 0.208 0.482 0.100 0.134 0.150 0.102 0.050 0.052 0.000 1.069
Sample 20 0.002 0.256 0.599 0.108 0.157 0.178 0.118 0.055 0.059 0.000 1.274
Sample 21 0.002 0.283 0.681 0.173 0.199 0.219 0.154 0.085 0.073 0.000 1.583
Average 0.002 0.237 0.562 0.119 0.155 0.174 0.118 0.058 0.058 0.000 1.244
Standard Dev 0.000 0.033 0.080 0.027 0.024 0.026 0.020 0.014 0.009 0.000 0.196
% RSD 0.000 13.905 14.303 22.833 15.811 15.210 16.680 23.122 15.501 #DIV/0! 15.743
2 CM From Anode
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 0.237 0.562 0.119 0.155 0.174 0.118 0.058 0.058 0.000 1.244
17-Oct-05 0.002 0.258 0.591 0.114 0.159 0.177 0.117 0.053 0.064 0.000 1.273
24-Oct-05 0.002 0.317 0.733 0.143 0.196 0.224 0.147 0.066 0.076 0.000 1.584
6-Nov-05 0.002 0.267 0.617 0.126 0.173 0.193 0.131 0.060 0.064 0.000 1.364
28-Nov-05 0.002 0.218 0.504 0.096 0.134 0.151 0.100 0.046 0.050 0.000 1.081
23-Jan-06 0.002 0.249 0.573 0.093 0.146 0.163 0.105 0.044 0.059 0.000 1.183
8-Feb-06 0.002 0.229 0.538 0.099 0.141 0.157 0.104 0.048 0.074 0.044 1.161
5 CM From Anode
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 0.237 0.562 0.119 0.155 0.174 0.118 0.058 0.058 0.000 1.244
17-Oct-05 0.002 0.326 0.760 0.092 0.180 0.208 0.126 0.050 0.071 0.000 1.488
24-Oct-05 0.002 0.386 0.876 0.151 0.226 0.254 0.166 0.082 0.090 0.000 1.846
6-Nov-05 0.002 0.245 0.582 0.120 0.162 0.182 0.119 0.057 0.061 0.000 1.284
28-Nov-05 0.002 0.180 0.425 0.092 0.117 0.129 0.088 0.044 0.041 0.000 0.936
23-Jan-06 0.002 0.254 0.592 0.109 0.156 0.171 0.113 0.049 0.060 0.000 1.249
8-Feb-06 0.002 0.232 0.529 0.085 0.133 0.151 0.096 0.052 0.068 0.000 1.345
Corrected Data
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Table A-5e: Alkane concentrations extracted from sediment samples taken from abiotic 
open circuit MFC Reactor 8.  Top table is uncorrected for sediment sample size and 
dilution during processing.  Bottom table is corrected for sediment sample size and 
dilution during processing. 
 
Tank 8
10-Oct-05
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
Sample 22 0.002 21.578 51.448 10.683 13.969 15.669 10.961 5.542 5.34 0 113.612
Sample 23 0.002 21.439 50.728 10.371 13.903 15.773 10.61 4.936 5.297 0 111.618
Sample 24 0.002 21.928 52.127 11.636 14.705 16.507 11.429 5.84 5.766 0 118.01
Sample 25 0.002 22.583 56.022 16.957 17.411 19.028 14.003 7.567 6.108 0 137.096
Sample 26 0.002 21.517 51.891 11.343 14.544 16.122 11.054 5.871 5.437 0 116.262
Sample 27 0.002 22.407 54.464 14.781 16.595 18.362 12.995 6.753 5.878 0 129.828
Average 0.002 21.909 52.780 12.629 15.188 16.910 11.842 6.085 5.638 0 121.071
Standard De 0.000 0.487 2.027 2.642 1.463 1.429 1.348 0.934 0.329 0 10.109
% RSD 0.000 2.224 3.841 20.917 9.635 8.451 11.383 15.353 5.831 #DIV/0! 8.350
2 CM
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 21.909 52.780 12.629 15.188 16.910 11.842 6.085 5.638 0.000 121.071
17-Oct-05 0.002 22.309 51.895 11.858 14.714 16.205 10.925 5.224 5.390 0.000 116.211
24-Oct-05 0.002 21.948 53.064 13.051 15.484 16.922 11.672 5.691 5.731 0.000 121.615
6-Nov-05 0.002 21.867 50.004 9.263 13.314 15.223 9.755 4.491 5.307 0.000 107.357
28-Nov-05 0.002 21.513 51.174 10.242 13.855 15.419 10.144 5.057 5.073 0.000 110.964
23-Jan-06 0.002 21.411 49.371 8.510 12.813 14.563 9.200 3.830 4.938 0.000 103.225
5 CM
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 21.909 52.780 12.629 15.188 16.910 11.842 6.085 5.638 0.000 121.071
17-Oct-05 0.002 21.585 50.146 9.415 13.328 14.899 9.766 4.235 5.114 0.000 106.903
24-Oct-05 0.002 21.682 50.783 10.120 13.793 15.424 10.203 4.835 5.480 0.000 110.638
6-Nov-05 0.002 21.608 50.091 9.594 13.596 15.415 9.926 4.588 5.204 0.000 108.414
28-Nov-05 0.002 21.826 49.867 8.946 13.042 14.692 9.384 4.021 4.839 0.000 104.791
23-Jan-06 0.002 21.390 50.090 8.904 13.101 14.452 9.317 4.155 4.996 0.000 105.015
Measured Data
 
38635
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
Sample 22 0.002 0.262 0.625 0.130 0.170 0.190 0.133 0.067 0.065 0.000 1.381
Sample 23 0.002 0.313 0.741 0.152 0.203 0.231 0.155 0.072 0.077 0.000 1.631
Sample 24 0.002 0.312 0.741 0.165 0.209 0.235 0.163 0.083 0.082 0.000 1.678
Sample 25 0.002 0.200 0.496 0.150 0.154 0.169 0.124 0.067 0.054 0.000 1.214
Sample 26 0.002 0.241 0.582 0.127 0.163 0.181 0.124 0.066 0.061 0.000 1.303
Sample 27 0.002 0.273 0.664 0.180 0.202 0.224 0.159 0.082 0.072 0.000 1.584
Average 0.002 0.267 0.642 0.151 0.184 0.205 0.143 0.073 0.069 0.000 1.465
Standard Dev 0.000 0.043 0.095 0.020 0.024 0.028 0.018 0.008 0.010 0.000 0.192
% RSD 0.000 16.216 14.853 13.556 13.045 13.860 12.477 10.779 15.302 #DIV/0! 13.071
2 CM From Anode
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 0.267 0.642 0.151 0.184 0.205 0.143 0.073 0.069 0.000 1.465
17-Oct-05 0.002 0.245 0.569 0.130 0.161 0.178 0.120 0.057 0.059 0.000 1.275
24-Oct-05 0.002 0.227 0.548 0.135 0.160 0.175 0.121 0.059 0.059 0.000 1.256
06-Nov-05 0.002 0.311 0.711 0.132 0.189 0.216 0.139 0.064 0.075 0.000 1.527
28-Nov-05 0.002 0.262 0.624 0.125 0.169 0.188 0.124 0.062 0.062 0.000 1.354
23-Jan-06 0.002 0.260 0.600 0.103 0.156 0.177 0.112 0.047 0.060 0.000 1.254
5 CM From Anode
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 0.267 0.642 0.151 0.184 0.205 0.143 0.073 0.069 0.000 1.465
17-Oct-05 0.002 0.337 0.783 0.147 0.208 0.233 0.153 0.066 0.080 0.000 1.670
24-Oct-05 0.002 0.280 0.655 0.130 0.178 0.199 0.132 0.062 0.071 0.000 1.426
6-Nov-05 0.002 0.268 0.621 0.119 0.168 0.191 0.123 0.057 0.064 0.000 1.343
28-Nov-05 0.002 0.290 0.662 0.119 0.173 0.195 0.125 0.053 0.064 0.000 1.391
23-Jan-06 0.002 0.294 0.688 0.122 0.180 0.198 0.128 0.057 0.069 0.000 1.442
Corrected Data
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Table A-5f: Alkane concentrations extracted from sediment samples taken from abiotic 
open circuit MFC Reactor 9.  Top table is uncorrected for sediment sample size and 
dilution during processing.  Bottom table is corrected for sediment sample size and 
dilution during processing. 
 
Tank 9
10-Oct-05
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
Sample 22 0.002 21.578 51.448 10.683 13.969 15.669 10.961 5.542 5.34 0 113.612
Sample 23 0.002 21.439 50.728 10.371 13.903 15.773 10.61 4.936 5.297 0 111.618
Sample 24 0.002 21.928 52.127 11.636 14.705 16.507 11.429 5.84 5.766 0 118.010
Sample 25 0.002 22.583 56.022 16.957 17.411 19.028 14.003 7.567 6.108 0 137.096
Sample 26 0.002 21.517 51.891 11.343 14.544 16.122 11.054 5.871 5.437 0 116.262
Sample 27 0.002 22.407 54.464 14.781 16.595 18.362 12.995 6.753 5.878 0 129.828
Average 0.002 21.909 52.780 12.629 15.188 16.910 11.842 6.085 5.638 0.000 121.071
Standard De 0.000 0.571 2.086 2.831 1.477 1.522 1.499 0.848 0.341 0 10.109
% RSD 0.000 2.608 3.953 22.414 9.726 9.003 12.657 13.940 6.048 #DIV/0! 8.350
2 CM
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 21.909 52.780 12.629 15.188 16.910 11.842 6.085 5.638 0.000 121.071
17-Oct-05 0.002 21.755 50.017 9.243 13.312 14.888 9.754 4.291 5.209 0.000 106.714
24-Oct-05 0.002 21.573 50.737 9.979 13.823 15.284 10.03 4.64 5.237 0.000 109.730
6-Nov-05 0.002 21.75 51.368 11 14.503 16.199 10.763 5.146 5.186 0.000 114.165
28-Nov-05 0.002 21.628 50.62 9.988 13.757 15.326 10.125 4.621 5.087 0.000 109.524
23-Jan-06 0.002 21.571 50.152 9.193 13.243 14.457 9.549 4.472 4.881 0.000 105.947
5 CM
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 21.909 52.780 12.629 15.188 16.910 11.842 6.085 5.638 0.000 121.071
17-Oct-05 0.002 20.342 47.453 5.733 11.248 13.019 7.898 3.105 4.449 0.000 92.905
24-Oct-05 0.002 21.217 49.658 9.003 13.001 14.551 9.833 4.594 5.139 0.000 105.779
6-Nov-05 0.002 21.649 50.907 10.913 14.306 15.868 10.722 5.008 5.194 0.000 112.918
28-Nov-05 0.002 22.109 52.834 12.922 15.416 16.784 11.587 5.69 5.269 0.000 120.502
23-Jan-06 0.002 21.324 50.510 12.773 13.566 14.479 9.958 4.381 4.929 0.000 110.596
Measured Data
 
38635
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
Sample 22 0.002 0.262 0.625 0.130 0.170 0.190 0.133 0.067 0.065 0.000 1.381
Sample 23 0.002 0.313 0.741 0.152 0.203 0.231 0.155 0.072 0.077 0.000 1.631
Sample 24 0.002 0.312 0.741 0.165 0.209 0.235 0.163 0.083 0.082 0.000 1.678
Sample 25 0.002 0.200 0.496 0.150 0.154 0.169 0.124 0.067 0.054 0.000 1.214
Sample 26 0.002 0.241 0.582 0.127 0.163 0.181 0.124 0.066 0.061 0.000 1.303
Sample 27 0.002 0.273 0.664 0.180 0.202 0.224 0.159 0.082 0.072 0.000 1.584
Average 0.002 0.267 0.642 0.151 0.184 0.205 0.143 0.073 0.069 0.000 1.465
Standard Dev 0.000 0.043 0.095 0.020 0.024 0.028 0.018 0.008 0.010 0.000 0.192
% RSD 0.000 16.216 14.853 13.556 13.045 13.860 12.477 10.779 15.302 #DIV/0! 13.071
2 CM From Anode
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 0.267 0.642 0.151 0.184 0.205 0.143 0.073 0.069 0.000 1.465
17-Oct-05 0.002 0.303 0.696 0.129 0.185 0.207 0.136 0.060 0.072 0.000 1.484
24-Oct-05 0.002 0.277 0.651 0.128 0.177 0.196 0.129 0.060 0.067 0.000 1.409
06-Nov-05 0.002 0.274 0.646 0.138 0.183 0.204 0.135 0.065 0.065 0.000 1.437
28-Nov-05 0.002 0.259 0.606 0.120 0.165 0.183 0.121 0.055 0.061 0.000 1.311
23-Jan-06 0.002 0.323 0.750 0.138 0.198 0.216 0.143 0.067 0.073 0.000 1.585
5 CM From Anode
Date
Androstane 
(mg)
Decane 
(mg/L)
Dodecane 
(mg/L)
Tetradecane 
(mg/L)
Hexadecane 
(mg/L)
Octadecane 
(mg/L)
Eicosane 
(mg/L)
Docosane 
(mg/L)
Tetracosane 
(mg/L)
Hexacosane 
(mg/L)
Total 
(mg/L)
10-Oct-05 0.002 0.267 0.642 0.151 0.184 0.205 0.143 0.073 0.069 0.000 1.465
17-Oct-05 0.002 0.333 0.776 0.094 0.184 0.213 0.129 0.051 0.073 0.000 1.519
24-Oct-05 0.002 0.313 0.732 0.133 0.192 0.215 0.145 0.068 0.076 0.000 1.560
6-Nov-05 0.002 0.251 0.589 0.126 0.166 0.184 0.124 0.058 0.060 0.000 1.307
28-Nov-05 0.002 0.207 0.494 0.121 0.144 0.157 0.108 0.053 0.049 0.000 1.127
23-Jan-06 0.002 0.246 0.583 0.147 0.156 0.167 0.115 0.051 0.057 0.000 1.275
Corrected Data
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Figure A-1a: Individual alkane concentrations for closed circuit contaminated MFC 
Reactor 1, 2 cm from anode face.  Sum of alkane concentrations used for data in Figures 
3-5 and 3-6.  Standard deviation not shown due to scale.   
 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0 25 50 75 100 125Time (days)
C
on
ce
nt
ra
tio
n 
(g
ra
m
 a
lk
an
e 
pe
r k
ilo
gr
am
 s
ed
im
en
t)
Dodecane (mg/L)
Tetradecane (mg/L)
Hexadecane (mg/L)
Octadecane (mg/L)
Eicosane (mg/L)
Docosane (mg/L)
Tetracosane (mg/L)
 
Figure A-1b: Individual alkane concentrations for closed circuit contaminated MFC 
Reactor 1, 5 cm from anode face.  Sum of alkane concentrations used for data in Figures 
3-5 and 3-6.  Standard deviation not shown due to scale.   
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Figure A-1c: Individual alkane concentrations for closed circuit contaminated MFC 
Reactor 2, 2 cm from anode face.  Sum of alkane concentrations used for data in Figures 
3-5 and 3-7.  Standard deviation not shown due to scale.   
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Figure A-1d: Individual alkane concentrations for closed circuit contaminated MFC 
Reactor 2, 5 cm from anode face.  Sum of alkane concentrations used for data in Figures 
3-5 and 3-7.  Standard deviation not shown due to scale.   
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Figure A-1e: Individual alkane concentrations for open circuit contaminated MFC 
Reactor 6, 2 cm from anode face.  Sum of alkane concentrations used for data in Figures 
3-5 and 3-8.  Standard deviation not shown due to scale.   
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Figure A-1f: Individual alkane concentrations for open circuit contaminated MFC 
Reactor 6, 5 cm from anode face.  Sum of alkane concentrations used for data in Figures 
3-5 and 3-8.  Standard deviation not shown due to scale.   
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Figure A-1g: Individual alkane concentrations for open circuit contaminated MFC 
Reactor 7, 2 cm from anode face.  Sum of alkane concentrations used for data in Figures 
3-5 and 3-9.  Standard deviation not shown due to scale.   
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Figure A-1h: Individual alkane concentrations for open circuit contaminated MFC 
Reactor 7, 5 cm from anode face.  Sum of alkane concentrations used for data in Figures 
3-5 and 3-9.  Standard deviation not shown due to scale.   
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Figure A-1i: Individual alkane concentrations for abiotic open circuit contaminated MFC 
Reactor 8, 2 cm from anode face.  Sum of alkane concentrations used for data in Figures 
3-5 and 3-10.  Standard deviation not shown due to scale.   
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Figure A-1j: Individual alkane concentrations for abiotic open circuit contaminated MFC 
Reactor 8, 5 cm from anode face.  Sum of alkane concentrations used for data in Figures 
3-5 and 3-10.  Standard deviation not shown due to scale.   
 
106 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0 25 50 75 100 125Time (days)
C
on
ce
nt
ra
tio
n 
(g
ra
m
 a
lk
an
e 
pe
r k
ilo
gr
am
 s
ed
im
en
t)
Dodecane (mg/L)
Tetradecane (mg/L)
Hexadecane (mg/L)
Octadecane (mg/L)
Eicosane (mg/L)
Docosane (mg/L)
Tetracosane (mg/L)
 
Figure A-1k: Individual alkane concentrations for abiotic open circuit contaminated MFC 
Reactor 9, 2 cm from anode face.  Sum of alkane concentrations used for data in Figures 
3-5 and 3-11.  Standard deviation not shown due to scale.   
 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0 25 50 75 100 125Time (days)
C
on
ce
nt
ra
tio
n 
(g
ra
m
 a
lk
an
e 
pe
r k
ilo
gr
am
 s
ed
im
en
t)
Dodecane (mg/L)
Tetradecane (mg/L)
Hexadecane (mg/L)
Octadecane (mg/L)
Eicosane (mg/L)
Docosane (mg/L)
Tetracosane (mg/L)
 
Figure A-1l: Individual alkane concentrations for abiotic open circuit contaminated MFC 
Reactor 9, 5 cm from anode face.  Sum of alkane concentrations used for data in Figures 
3-5 and 3-11.  Standard deviation not shown due to scale.   
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Table A-6: LOI sample data for marine sediment. 
 
Time (days)
Dish 
Wt (g)
Total 
W. W.
Sample 
W.W.
Total 
D.W.
Sample 
D.W. % D.W.
Total 
I.W.
Sample 
I.W. % LOI % ROI
Time =0 1 0.997 4.383 3.386 3.071 2.074 38.75 3.013 2.016 2.80 97.20
2 1.048 3.899 2.850 2.507 1.459 48.83 2.464 1.415 2.96 97.04
3 0.997 5.727 4.729 3.827 2.830 40.17 3.751 2.754 2.68 97.32
4 1.025 3.390 2.365 2.314 1.288 45.51 2.279 1.254 2.70 97.30
5 1.013 4.583 3.570 2.953 1.940 45.67 2.896 1.883 2.92 97.08
6 1.005 3.674 2.669 2.550 1.546 42.10 2.508 1.503 2.76 97.24
7 0.980 5.151 4.171 3.320 2.340 43.90 3.256 2.276 2.74 97.26
8 0.982 5.189 4.206 3.340 2.358 43.94 3.271 2.289 2.94 97.06
9 1.009 4.743 3.734 3.063 2.055 44.97 3.011 2.002 2.55 97.45
10 1.028 3.681 2.653 2.520 1.492 43.74 2.474 1.446 3.10 96.90
11 1.016 5.155 4.139 3.380 2.364 42.87 3.316 2.301 2.69 97.31
12 0.964 4.008 3.043 2.545 1.580 48.08 2.495 1.530 3.15 96.85
13 1.004 6.659 5.655 4.237 3.233 42.83 4.149 3.145 2.72 97.28
14 1.020 4.961 3.942 3.336 2.316 41.23 3.273 2.253 2.73 97.27
15 0.987 3.385 2.398 2.338 1.351 43.66 2.303 1.316 2.59 97.41
16 1.042 3.243 2.201 2.216 1.174 46.66 2.184 1.142 2.74 97.26
17 1.029 3.917 2.888 2.616 1.587 45.06 2.566 1.537 3.16 96.84
18 1.030 4.685 3.655 3.076 2.047 44.00 3.015 1.985 3.02 96.98
19 1.010 5.463 4.453 3.594 2.585 41.96 3.517 2.507 2.99 97.01
20 0.967 4.279 3.312 2.720 1.753 47.07 2.664 1.697 3.17 96.83
21 1.016 4.458 3.442 2.839 1.824 47.02 2.778 1.762 3.38 96.62
22 1.025 3.812 2.787 2.422 1.397 49.89 2.378 1.353 3.14 96.86
23 0.977 4.106 3.129 2.610 1.633 47.83 2.554 1.577 3.41 96.59
24 1.032 3.688 2.657 2.183 1.151 56.68 2.140 1.108 3.74 96.26
25 0.970 4.371 3.401 2.951 1.981 41.75 2.889 1.919 3.14 96.86
26 1.020 3.706 2.686 2.353 1.333 50.37 2.315 1.295 2.85 97.15
27 1.026 3.599 2.573 2.366 1.340 47.92 2.324 1.298 3.13 96.87
28 1.074 3.415 2.341 2.054 0.980 58.14 2.020 0.946 3.47 96.53
Time = 7 29 1.043 2.784 1.741
30 1.022 3.172 2.150 1.792 0.770 64.19 1.765 0.743 3.55 96.45
31 1.031 5.848 4.817 3.667 2.636 45.28 3.581 2.550 3.25 96.75
32 1.047 4.502 3.455 2.908 1.861 46.13 2.846 1.799 3.34 96.66
33 1.019 2.895 1.876 1.857 0.839 55.29 1.827 0.808 3.67 96.33
34 1.029 2.952 1.923 1.743 0.714 62.88 1.721 0.692 3.11 96.89
35 1.031 2.609 1.578 1.527 0.495 68.61 1.505 0.474 4.32 95.68
36 1.031 2.932 1.902 1.813 0.782 58.87 1.784 0.754 3.62 96.38
37 1.036 3.780 2.743 1.965 0.929 66.14 1.928 0.892 4.01 95.99
38 1.008 3.520 2.512 1.838 0.830 66.94 1.801 0.793 4.47 95.53
39 0.992 2.810 1.818 1.847 0.856 52.94 1.818 0.827 3.41 96.59
Time = 112 40 1.015 3.486 2.471 2.197 1.182 52.18 2.152 1.137 3.78 96.22
41 1.035 2.616 1.581 1.879 0.844 46.63 1.853 0.818 3.06 96.94
42 1.002 2.999 1.997 2.020 1.018 49.02
43 1.014 4.425 3.411 3.166 2.152 36.91 3.102 2.088 2.99 97.01
44 1.018 3.287 2.269 2.166 1.147 49.43
45 0.979 4.229 3.251 3.065 2.087 35.81 3.008 2.029 2.74 97.26
46 1.026 3.583 2.558 2.347 1.321 48.35 2.303 1.277 3.34 96.66
47 1.022 3.183 2.162 1.913 0.892 58.75 1.880 0.859 3.72 96.28
48 1.008 5.486 4.478 3.921 2.913 34.95 3.838 2.830 2.85 97.15
49 1.007 4.732 3.725 3.452 2.445 34.35 3.387 2.380 2.68 97.32
Time = 119 50 1.014 4.884 3.870 3.626 2.612 32.52 3.552 2.538 2.82 97.18
51 1.003 4.477 3.474 3.316 2.313 33.42 3.245 2.242 3.07 96.93
52 0.975 4.533 3.558 3.286 2.311 35.04 3.222 2.246 2.80 97.20
53 1.032 4.255 3.223 3.126 2.094 35.04 3.066 2.034 2.83 97.17
54 1.025 3.007 1.982 2.239 1.214 38.74 2.204 1.179 2.87 97.13
55 1.041 4.325 3.284 3.184 2.144 34.72 3.117 2.076 3.14 96.86
56 1.008 3.848 2.840 2.831 1.824 35.79 2.785 1.777 2.56 97.44
57 0.982 4.062 3.080 3.015 2.033 34.00 2.962 1.980 2.61 97.39
58 0.979 3.824 2.844 2.758 1.779 37.46 2.701 1.722 3.19 96.81
59 1.007 5.361 4.353 4.002 2.995 31.21 3.925 2.918 2.55 97.45
60 1.039 2.333 1.295 1.599 0.560 56.72 1.575 0.537 4.21 95.79
61 1.003 5.106 4.103 3.756 2.753 32.92 3.679 2.675 2.81 97.19
62 1.012 5.322 4.310 3.899 2.887 33.02 3.817 2.805 2.83 97.17
63 1.035 5.047 4.012 3.807 2.773 30.89 3.731 2.697 2.74 97.26
64 1.019 4.633 3.614 3.360 2.341 35.22 3.288 2.269 3.08 96.92
65 0.978 2.808 1.831 1.991 1.013 44.65 1.957 0.980 3.31 96.69
66 1.009 3.857 2.848 2.892 1.883 33.88 2.840 1.830 2.78 97.22
67 1.026 2.663 1.636 1.685 0.659 59.72 1.657 0.631 4.35 95.65
68 1.027 4.146 3.120 3.046 2.019 35.28 2.987 1.960 2.92 97.08
69 1.026 5.065 4.039 3.831 2.805 30.55 3.759 2.733 2.57 97.43
Dish 
Wt (g)
Total 
W. W.
Sample 
D.W.
Total 
D.W.
Sample 
D.W. % D.W.
Total 
I.W.
Sample 
I.W. % LOI % ROI
AVG 44.93 AVG 3.11 96.89
W.W. - Wet Weight SD 9.60 SD 0.46 0.46
D.W. - Dry Weight
I.W. - Incinerated Weight
LOI - Loss on Ignition
ROI - Remain on Ignition
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Appendix B: Fish Biosolids 
Table B-1: DO levels measured during DO experiments.  Time zero based upon DO 
reading measured during stopping of airflow.   
 
DO Test 1 DO Test 2 DO Test 4
Time (hour) Conc (mg/L) Time (hour) Conc (mg/L) Time (hour) Conc (mg/L)
0.00 10.03 0.00 10.85 0.00 9.52
0.03 10.05 0.01 10.92 0.57 9.48
0.05 9.73 0.08 11.26 2.95 9.32
0.07 9.51 0.90 11.28 4.03 9.28
0.10 9.45 0.95 11.37 4.85 9.23
0.13 9.43 0.98 11.37 24.12 8.42
0.17 9.43 2.85 11.43 24.37 8.41
0.20 9.42 4.12 11.41
0.27 9.41 4.82 11.47
0.35 9.40 5.13 11.46
0.48 9.37 5.40 11.45
0.57 9.35 5.58 11.46
0.68 9.34 5.68 11.45
0.85 9.31 5.85 11.46
0.95 9.30 5.98 11.45
1.03 9.30 6.17 11.46
1.37 9.26 25.50 11.02
1.73 9.27 26.08 11.06
1.97 9.24
2.08 9.22 DO Test 3
2.22 9.20 Time (hour) Conc (mg/L)
2.47 9.18 0.00 8.57
2.58 9.15 0.25 8.54
2.73 9.14 0.80 8.54
2.90 9.12 3.62 8.45
3.13 9.12 4.32 8.37
3.25 9.11 4.75 8.33
3.37 9.09 5.17 8.30
3.57 9.08 5.77 8.30
3.80 9.07 8.47 8.17
4.02 9.05 11.50 8.18
4.20 9.05 24.32 7.90
4.27 9.06 25.12 8.00
9.33 8.90
21.82 8.40
22.12 8.41
22.28 8.41  
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Table B-2: LOI sample data for fish biosolids. 
 
Sample 
Number
Dish Wt 
(g) Total W. W.
Sample 
W.W.
Total 
D.W.
Sample 
D.W. % D.W. Total I.W.
Sample 
I.W. % LOI % ROI
2 0.9568 15.6864 14.7296 1.8094 0.8526 94.21% 1.5026 0.5458 35.98% 64.02%
3 0.9542 14.5911 13.6369 1.7985 0.8443 93.81% 1.5117 0.5575 33.97% 66.03%
6 0.9580 5.1405
1 0.9600 13.9469 12.9869 1.7081 0.7481 94.24% 1.4137 0.4537 39.35% 60.65%
5 0.9542 15.8020 14.8478 1.8448 0.8906 94.00% 1.4995 0.5453 38.77% 61.23%
4 0.9586 16.1738 15.2152 1.9036 0.9450 93.79% 1.5479 0.5893 37.64% 62.36%
Average 94.01% 37.14% 62.86%
S.D. 0.21% 2.19% 2.19%
1 1.0351 6.8253 5.7902 2.5927 1.5576 73.1% 2.2639 1.2288 21.11% 78.89%
2 0.9787 7.4111 6.4324 2.5680 1.5893 75.3% 2.1432 1.1645 26.73% 73.27%
3 1.0284 7.8155 6.7871 2.6596 1.6312 76.0% 2.2255 1.1971 26.61% 73.39%
4 1.0259 6.1023 5.0764 2.3500 1.3241 73.9% 2.0170 0.9911 25.15% 74.85%
5 0.9891 9.2160 8.2269 2.9535 1.9644 76.1% 2.4503 1.4612 25.62% 74.38%
6 1.0198 7.7565 6.7367 2.5596 1.5398 77.1% 2.1428 1.1230 27.07% 72.93%
7 1.0096 7.0766 6.0670 2.3991 1.3895 77.1% 2.0267 1.0171 26.80% 73.20%
8 0.9891 6.6945 5.7054 2.3502 1.3611 76.1% 1.9903 1.0012 26.44% 73.56%
9 1.0137 8.9199 7.9062 2.7625 1.7488 77.9% 2.3037 1.2900 26.24% 73.76%
10 1.0047 7.5876 6.5829 2.5155 1.5108 77.0% 2.1221 1.1174 26.04% 73.96%
11 0.9968 5.2356 4.2388 2.3696 1.3728 67.6% 2.0832 1.0864 20.86% 79.14%
12 1.0124 6.4690 5.4566 2.5893 1.5769 71.1% 2.2208 1.2084 23.37% 76.63%
13 0.9969 7.0525 6.0556 2.6378 1.6409 72.9% 2.2433 1.2464 24.04% 75.96%
14 0.9942 6.0173 5.0231 2.3516 1.3574 73.0% 2.0312 1.0370 23.60% 76.40%
15 1.0302 6.9350 5.9048 2.6896 1.6594 71.9% 2.2901 1.2599 24.07% 75.93%
16 1.0138 7.3559 6.3421 2.9026 1.8888 70.2% 2.4867 1.4729 22.02% 77.98%
17 1.0224 6.8123 5.7899 2.5807 1.5583 73.1% 2.1993 1.1769 24.48% 75.52%
18 1.0382 5.6877 4.6495 2.3947 1.3565 70.8% 2.0857 1.0475 22.78% 77.22%
19 1.0598 6.4227 5.3629 2.4383 1.3785 74.3% 2.0688 1.0090 26.80% 73.20%
20 0.9958 6.7228 5.7270 2.6284 1.6326 71.5% 2.2421 1.2463 23.66% 76.34%
Average 73.81% 24.67% 75.33%
S.D. 2.77% 1.97% 1.97%
Time = 10 days after collection
Time = 210 days after collection
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